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ABSTRACT
Five color-appearance transforms were tested under a variety of conditions to
determine which is best for producing CRT reproductions of original printed
images. The transforms included: von Kries chromatic adaptation, CIELAB
color space, RLAB color appearance model, Hunt's color appearance model,
and Nayatani's color appearance model. It was found that RLAB produced the
best matches for changes in white point, luminance level, and background
changes, but did not accurately predict the effect of surround. The ability of
CIELAB color space was equal to that of RLAB in many cases, and performed
better for changes in surround. Expert observers generated CRT images in one
viewing condition that they perceived to match an original image viewed in
another condition. This technique produced images that were equal to or
better than the best color appearance model tested and is a useful technique to
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I. INTRODUCTION
The need for accurate color-appearance reproduction across different
media is becoming increasingly important as the number of cross-media
applications continues to grow: desktop publishing, softcopy proofing for
printing applications, instant copy stations for photographic prints and
negatives, color computer monitors and printers in many homes and most
offices. Colorimetric matches (matching CIE tristimulus values between
original and reproduction) are acceptable when all viewing conditions are
equal between media. Simple chromatic-adaptation models such as von Kries
(1902) and CIELAB (CIE 1986) are useful when white point chromaticity
differs, but do not include effects of luminance level changes, induction due
to background, surround effects, incomplete adaptation, or cognitive
mechanisms of adaptation. More comprehensive models have been proposed
to predict color-appearance matches across different viewing conditions,
including Fairchild and Berns's RLAB (1996, 1993), Hunt's model (1994b,
1991), and a model developed by Nayatani et al. (1995a, 1995b, 1990b). These
models are the focus of the present research and are discussed in Chapter II.
While there has been extensive development and testing of color
appearance models using object colors (Pirrotta 1995, Nayatani 1990a, Mori
1991), very little research has examined the applicability of these models to
complex images. The effect of a surrounding color on a patch can be
demonstrated, and is known as induction. Defining the surrounding color of
an image element is significantly more difficult, and some attempts have
been made to simulate images using arrays of colored patches
known as
Mondrians (Luo 1991b, Arend 1991, 1987, 1986, McCann 1976). To accurately
extend the induction effect to images in a color appearance model, the model
parameter defining this effect would need to be recalculated for every point in
the image. Another important difference between the study of colored patches
and complex images is that very often images contain familiar memory colors
such as flesh tones, sky, and grass. Bartleson showed well-defined ellipses that
encompassed various memory colors in Munsell space (1960). These memory
colors did not always match the actual color of the remembered object, adding
the challenge of preference to image matching. Previous experience with
colors of objects in an image may bias the expectation of the colors to be
reproduced. (Further discussion of the effect of color memory on perception is
included in Chapter V.) It was the goal of this thesis to investigate the ability
of current color appearance models, that were mainly founded in object-color
research, to predict corresponding images under differing viewing conditions
(Chapter V). It was also desired to develop a technique for acquiring
independent color-appearance data on images to be used to improve current
models (Chapter VI).
The Commission Internationale de VEclairage (CIE) established
Technical Committee (TC) 1-27, Specification of Colour Appearance for
Reflective Media and Self-Luminous Display Image Comparisons, to gather
data for evaluation of colorimetric and color appearance models capable of
creating matches between prints and CRT images (Alessi 1994). This
committee focuses on model reproductions of images as opposed to patches
or other samples, and specifically on comparing models between reflective
prints and CRT displays. The guidelines set forth by TC 1-27 recommend
using complex images such as those used in the present research and shown
in Appendix A. Arrays of colored patches are suggested if the capability for
producing complex images is not available. The guidelines also recommend
the use of a white border around the image to specify the white point of the
viewing condition, and a neutral-gray background. The guidelines
recommend three viewing configurations: successive haploscopic viewing
(Fairchild 1994b), successive binocular viewing, and a magnitude estimation
technique. In this research, the first two techniques were compared to three
others: memory matching, simultaneous binocular, and simultaneous
haploscopic viewing. The results of this study of viewing technique are
discussed in Chapter IV. Two psychophysical assessment tasks are discussed
in the guidelines, paired comparison and image matching. The first task was
used in the comparison of viewing techniques (Chapter IV) and in a study of
color appearance models over changes in viewing condition (Chapter V). The
second task, involving manipulation of reproductions to match originals,
was examined in Chapter VI as a method for gathering data to test the
models.
The goals of the research discussed in this thesis were (1) to determine
the most appropriate technique for comparing original and reproduced
images across media, (2) to test the ability of various color appearance models
to predict matching images across changes in media and viewing conditions,
and (3) to develop a technique for obtaining color-appearance data on images
that were independent of any color appearance model. This thesis was an
examination of the current state-of-the-art of color-appearance modeling and
a pathway to future improvements in the field.
II. COLOR APPEARANCEMODELS
Five color appearance models were selected as most important and most
widely used in the field; they will be referred to as von Kries, CIELAB, RLAB,
Hunt, and Nayatani. The equations for these models are described below.
These color appearance models were used to transform CIE tristimulus
values of original printed images (X3, Yv Z2) to corresponding tristimulus
values of CRT reproductions (X2, Y2, Z2) using the imaging chain described in
Appendix M. (CIE tristimulus values, XYZ, were calculated using the CIE
2
Standard Observer in this thesis.) Additionally the first three models are
described in terms of linear transformations (3x3 matrices) between
tristimulus values of the original and of the reproduction. These matrices,
shown in eqs. 2-3, 2-17, and 2-24, are utilized in Chapter VI.
A. VON KRIES CHROMATIC ADAPTATION MODEL (1902)
In 1902, Johannes von Kries postulated a model of chromatic adaptation
that is still used successfully today. In his paper simply titled "Chromatic
Adaptation"
he says:
It has often proved to be possible and useful to establish, for wide
fields of biological processes and organic arrangements,
comparatively simple
mathematical formulas which, though
they are probably not applicable with absolute accuracy,
nevertheless simulate to a certain approximation a large number
of phenomena.
He states and discusses some of the assumptions of visual theory to date,
including trichromacy, additivity of lights, two receptors: cones for color, rods
for brightness, no rods in the fovea, and persistence. The purpose of his
studies was two-fold: to consider the effect on color perception when adapted
to a given light, and to study how the eye becomes adapted by its exposure to
that light. In response to the second objective, he states:
The organ of vision becomes less effective for that kind or for
that part of its performance which is demanded from it for an
extended period of time, whereas it becomes more effective for
the activity which is, in a certain sense, opposed to that. This can
be conceived in the sense that the individual components
present in the organ of vision are completely independent of
one another and each is fatigued or adapted exclusively
according to its own function.
He says that, to a large degree, cones probably adapt independently of each











To find the appropriate cone signals (L2, M2, S2) to produce a matching color
in viewing conditions with maximum scene white (Ln2, M n2, S n2), the cone
signals of the color of interest (Lv Mv Sj) are normalized by their maximum
scene white (Lnl, Mnl, Snl). Using the Hunt-Pointer-Estevez transformation
given in eq. 2-2, CIE tristimulus values can be converted to fundamental cone
primaries (Hunt 1987, Hunt and Pointer 1985).
'L \ / 0.4002 0.7076 - 0.0808 \
/X'
M = -0.2263 1.1653 0.0457 Y
.S / \ 0.0 0.0 0.9182 / \Z,
(2-2)
If the 3x3 matrix in equation (2-2) is called M, then eqs. 2-3 and 2-4 represent


















This simple theory of adaptation proves to be exceptionally useful and is
often the first step of more complicated color appearance models.
B. CIELAB COLOR SPACE (1976)
In 1976, the CIE proposed the CIE 1976 (L*a*b*) color space, also known as
CIELAB. This space is described in CIE Publication 15.2 as a "three-
dimensional, approximately uniform, color
space"
plotted in rectangular
coordinates, where the achromatic response, lightness, is one of the axes, L*,




(1985). The CIELAB coordinates for a sample given the tristimulus values of
the sample (X, Y, Z) and "a specified white object color
stimulus"
(X, Y, ZJ
are given in eqs. 2-3 through 2-5.

























/ x \ 16 X
f(X) =
7.787- + for < 0.008856 (2-11)
IX J 116 Xn
/ Y \ 16 Y
f(Y) =
7.787- + for < 0.008856 (2-12)
\Yn/
116 Yn
/ Z \ 16 Z
f(Z) =
7.787- + for < 0.008856 (2-13)
\ZJ 116 Zn
L*





chromatic content of the sample. The redness-greenness of the sample is
approximately represented by
a*
and the yellowness-blueness by b*.
Note 6 of the CIE publication states: "These spaces are intended to apply
to comparisons of differences between object colors of the same size and
shape, viewed in identical white to middle-gray surroundings, by an observer
photopically adapted to a field of chromaticity not too different from that of
average
daylight."
More extensive models attempt to predict color appearance
when the viewing conditions are different than average daylight or vary in
other factors, such as surround, background, and luminance level. Despite
these imposed limitations, CIELAB has been found to perform relatively well
as a chromatic adaptation model where the tristimulus values of the scene
white (Xn, Yn, Zn) are defined as the adapting tristimulus values and are not
limited to be near average daylight.
For color matching, given a set of tristimulus values for a patch (X2, Yv
Z2) viewed under one light source (Xnl, Ynl, Znl), the corresponding
tristimulus values (X2, Y2, Z2) are calculated such that they yield the same
L*a*b*
values under a second light source (Xn2, Yn2, Zn2). It is sufficient to use







This transformation is similar to von Kries adaptation in eq. 2-1 except that
normalization by the adapting stimulus occurs in CIE tristimulus space
instead of fundamental primary space. These equations can also be written in












C. RLAB COLOR APPEARANCE MODEL (1996)
A model of chromatic adaptation was proposed by Fairchild to account
for the Hunt effect, the Stevens effect, and cognitive mechanisms of color
vision (1991). This model was extended by Fairchild and Berns (1993) to a
color appearance model, RLAB, that quantifies the attributes of lightness,
chroma, and hue in formulae similar to those of CIELAB. Refinements of this
model by Fairchild (1996) are in press. RLAB was proposed specifically for use
in color reproduction and contains two major differences from CIELAB. First,
it attempts to account for mode of viewing, including reflective and
self-
luminous media, and the cognitive factors associated with this mode. Second,
it varies the exponents on CIELAB-type equations to account for changes in
surround between viewing conditions of the original and reproduction. The
first step of this current version of the model converts CIE tristimulus values
to fundamental tristimulus values that are more physiologically based. This
linear transformation, shown in eq. 2-18, is equivalent to the Hunt-Pointer-
Estevez transformation normalized to CIE Illuminant D65, the reference





M= | -0.2298 1.1834 0.0464 | (2-19)
0.0 0.0 1.0000
This transformation is applied to the tristimulus values of the original
sample, the white point of the original viewing conditions, and the white
point of the reproduction conditions, similar to von Kries adaptation. The (L,










where the a coefficients are of the form:
pL + D(l.0-p)














Yabs is the absolute scene luminance, measured in cd/m2. The factor D allows
for varying degrees of discounting the illuminant. It is set to 1.0 for hardcopy
and 0.0 for softcopy displays. Factors similar to aL, pv and 4 in eq. 2-21 to 2-23
are calculated for the middle and long wavelength channels.
If there is no change in surround between the original and reproduction
viewing conditions, the reproduction tristimulus values can be calculated at
this point using the matrix multiplication in eq. 2-24.
/X2\ /X:
2
=m"1A2"1A1-M- *! ] (2-24)
lz2/ \Z 1
If the color-appearance attributes are desired, the initial tristimulus values are
converted to a reference space, in which the white point is that of CIE
Illuminant D65, the adapting luminance level is 318 cd/m2, and the media is
14
hardcopy. A standard matrix, R, equal to
M^A^j1
is calculated and this is











R= | 0.3612 0.6388 0.0
0.0 0.0 1.0000
1
These reference tristimulus (Xref, Yref/ Zref) values can be converted to color





cr accounts for changes in surround based on the work of Bartleson and
Breneman (1967) and described by Hunt in Reproduction of Color (1987). In
the RLAB equations, o equals 1/2.3 for average surrounds, 1/2.9 for dim
surrounds, and 1/3.5 for dark surrounds. In a manner similar to CIELAB, the
15
equations are inverted to calculate matching tristimulus values for the
reproduction. This inversion is made simpler by the fact that there are no
conditional statements on LR, aR, and
bR
like there are on L*, a*, and b*.
D. NAYATANI'S COLOR APPEARANCE MODEL (1995)
A nonlinear color appearance model has been proposed that will herein
be referred to as "Nayatani's
model."
This model has been published and
revised in a series of articles dating back ten years with co-authors including
Takahama, Sobagaki, Hashimoto, and Yano (1995a, 1995b, 1990b, 1987, 1986).
The most recent publication includes a summary of the current equations
required to calculate appearance attributes. These equations are quite
extensive and are given in Appendix B. The model was used in this thesis as
published in 1990.
Nayatani's model includes estimations of the appearance attributes of
brightness, colorfulness, saturation, lightness, chroma, hue, redness-
greenness, and yellowness-blueness. These estimations are based on the
tristimulus values of the sample and the adapting white, as well as the
relative luminance of the achromatic background, the adapting illuminance
of the test sample and background, the normalized illuminance of the
nonlinear color appearance model, and any assumed noise.
16
E. HUNT'S COLOR APPEARANCE MODEL (1994)
Hunt, like Nayatani, has developed a nonlinear model of color
appearance that has been modified several times. The most complete form of
this model was published in 1991 with more recently modified equations for
chroma (1994) and lightness (Hunt and Luo 1994). (The 1994 version of the
model was used in this thesis except for the modified lightness function.)
Hunt's model predicts the same appearance attributes as Nayatani's model
and is based on the following input data: tristimulus values of the original
sample, adapting field, background, proximal field, reference white, and
illuminant, surround condition, and phototopic and scotopic luminance of
the reference white and adapting field. The equations for Hunt's model are
also quite extensive and therefore are given in Appendix C. These equations
are not invertable and the inverse model is generally calculated iteratively.
Hunt's model, like Nayatani's, is intended to be a more complete model of
color appearance which includes, for example, the effects of rods at low light
levels and bleaching at very high light levels. Only the ability of these models
to predict color-appearance matches for complex images within the range of
normal viewing conditions was studied.
17
F. OTHER COLOR-APPEARANCE TRANSFORMATIONS
Several other color spaces and appearance models have been used for
color-appearance modeling. The CIELUV color space has been tested and
found in many experiments to produce less accurate matches than
other
models (Kim 1993, Lo 1996). Lightness is identical to
L*
in CIELAB, and the
chromatic axes are modeled as a difference between sample and adapting
stimuli. These chromatic axes are based on (u',v'), linear transformations of
CIE chromaticity coordinates (x, y). The exact formulation of CIELUV can be
found in CIE Publication 15.2 (1986). LABHNU, a model developed by Richter
(1980), is similar to CIELUV in that it includes a translation between the
sample and adapting tristimulus values. The equation for lightness is the
same as in CIELAB and CIELUV while the two chroma axes, A
*
and B *, are
based on a non-linear scaling of CIE chromaticity coordinates.
LLAB(l:c), proposed by Luo, Lo, and Kuo (1996), proposes a chromatic
adaptation transform derived by Lam and Rigg (1985) followed by a
CIELAB-
type transformation. Like many other current models, LLAB begins with a
transformation to cone responses and a von Kries-type normalization by the
reference white. However, the normalization of the blue cone response
includes a nonlinear transformation. Finlayson, Drew, and Funt (1994a,
1994b) have shown that linear color appearance models can give improved
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performance if the cone sensors are first "sharpened", or rotated to yield the
narrowest possible spectral responses. The (X, Y, Z) tristimulus values can be
transformed through the matrix equation shown in eq. 2-29. This matrix is
applied to the tristimulus values of the input color and white point of both
viewing conditions, in the same manner as the von Kries matrix was applied
in eq. 2-2. Predicted tristimulus values are calculated in a transformation





-0.37580 0.55150 0.04542 (2-29)
0.02809 -0.03359 0.26364 /
Although these two models were not used to produce reproductions in this
thesis, color-appearance data collected using the technique described in
Chapter VI were used to test several of the models.
Models of human color vision such as those proposed by Guth (1991),
Arend (1990), and Land (1971) have not been well-defined procedurally.
While important in their contributions toward a complete understanding of
the visual system, these models were not included in this research because
they are not practical for producing color matches.
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III. HISTORICAL TESTING OF COLOR APPEARANCE MODELS
Previous work on comparing color appearance models for
their ability to
produce matching images across changes in media and viewing conditions
are scarce. Several studies have compared these models for their ability to
reproduce colored patches. Section A briefly highlights several of these
studies. The focus of this thesis is the ability of the models to predict matching
images. Section B discusses other research that used image stimuli to compare
models.
A. TESTING USING PATCHES
1. LUTCHI
In a series of experiments by the LUTCHI Research Center in England,
researchers are attempting to quantify color appearance (1991, 1993, 1995). In
the first article in the series (1991b), an experiment is described to compare
two methods of assessing color appearance. The first method is a short-term
memory matching technique in which observers view an original in a booth
then adjust a CRT reproduction to match. A Macbeth Colorchecker Chart
(McCamy 1976) was used as the stimulus and twelve observers adjusted the
CRT image in CIE
L*u*v*
space for a match. The second method involved a
magnitude estimation where seven observers estimated the lightness,
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colorfulness, and hue of various test patches. The magnitude estimation
technique was chosen because observers were adapted more fully and color
attributes could be quantified in the same terms as the color appearance
models. Using the magnitude estimation technique, six or seven observers
made matches over a wide range of viewing conditions that varied in
luminance level, surround, background and white point. Light sources used
were D50, D65, Cool-White Fluorescent, and A. It was found that (a)
colorfulness increased at high luminance level, (b) little difference was found
between viewing luminous and non-luminous samples, (c) colors looked
lighter as background became darker, and (d) colorfulness was the most
difficult attribute to scale.
The second article in the series (1991a) tested various color appearance
models using data derived in the first article. The models were tested for
changes in white point chromaticity (D50, D65, CWF, A), luminance level
(approximately 40 or 250 cd/m2), background (white, gray, or black), and
media (luminous or non-luminous). The model predictions were compared
to magnitude estimations of various colored patches by six or seven
observers. Hunt's model best predicted the results of these experiments when
compared to CIELAB, Nayatani, Bradford adaptation model (Lam 1985), and
CMC(1:1). The third article extended the data found in the first article to
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include a wide range of luminance levels (1993). Again Hunt's model was
found to produce the most accurate results when compared to Nayatani's
model, CIELAB, CMC(1:1), and CIELUV. Article 4 studied transmissive media
(1993) and Article 5 looked at the effect of simultaneous contrast (1995). These
articles were not relevant to the current research.
An article by Kuo (1995) compared the ability of chromatic adaptation
transformations to predict the color appearance of
3"x3"
textile samples
viewed under various light sources (D65, A, and TL84). Five experienced
observers performed a magnitude estimation technique, scaling the attributes
of lightness, colorfulness, and hue. When results were compared using the
RMS average of CMC(1:1) color differences, the Lam and Rigg transformation
produced best results, followed by Hunt, CIELAB, von Kries, and Nayatani,
which performed similarly, then Fairchild 91, and finally Bartleson. The
results were different when CIELAB color differences were used. In this case,
the Lam and Rigg transform again performed best followed by CIELAB, then
von Kries and Fairchild, then Nayatani and Hunt, and finally Bartleson.
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2. Pirrotta (1995)
In a series of successive-Ganz/Wd haploscopic experiments, Pirrotta
tested color appearance models using reflective patch samples. She varied
white point and luminance level between the original and reproductions.
Originals were viewed under simulated daylight, approximately D60, at 2396
lux. Reproductions were viewed under an incandescent source
approximating CIE Illuminant A. Twenty-six observers performed a paired-
comparison experiment. Pirrotta found that Hunt's model far out-performed
other models, followed by LABHNU, von Kries, Nayatani, and CIELAB
which were similarly ranked. CIELUV and RLAB produced the worst results.
She found substantial differences in these results depending on the color of
the original sample.
3. CIE TC 1-34
CLE Technical Committee 1-34 was established to test color appearance
models for their ability to predict matching object colors. Their report
(currently unpublished) combined six sets of data from previous experiments
described below. These analyses were based on how well the color appearance
models predicted results of other experiments. Using data obtained by the
Color Science Association of Japan, it was found that CIELAB, RLAB, and
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Hunt most accurately predicted the effect of chromatic adaptation from D65 to
A, while LABHNU, CIELUV, and Nayatani did worst. The committee also
reported analysis using results of experimentation by McCann et al. (1976). In
these haploscopic experiments, various colors of light source (red, green,
yellow, blue) were used and Nayatani, RLAB, Hunt and CIELAB were found
to perform best with CIELUV and LABHNU giving worst results.
B. TESTING USING IMAGES
1. LUTCHI
An article by Lo, Luo, and Rhodes, currently in press (1996), compared
the ability of color appearance models to predict complex scenes over changes
in media and viewing conditions, similar to the objectives discussed in
Chapter V of this thesis. This study used six complex scenes as originals
viewed under sources approximating the chromaticities of CEE Standard
Illuminants D65, D50 or A. Reproductions were viewed on a CRT at white
points approximating D50, D65, or D93. Nine observers made paired
comparison judgments on reproductions produced with the following
models: CIELAB, CIELUV, Hunt, Nayatani, von Kries, Bradford, RLAB. The
results showed that CIELUV and CIELAB did not perform as well as the other
models, and the differences between the remaining models were small. The
24
low number of observers used in this paired-comparison experiment
increases the ambiguity of the results. Further comparison to this study will
be made in Chapter V.
2. Munsell Color Science Laboratory
Ongoing research at the Munsell Color Science Laboratory at R.I.T. has
investigated various color appearance models both in their ability to produce
matching object colors (Pirrotta 1995) and complex images. Kim et al. (1993)
used a successive-Ganz/e/d haploscopic device to compare eight color
appearance models when original and reproductions were illuminated
reflection prints. Thirty observers performed a paired-comparison experiment
using four complex images. Original images were viewed under a source
approximating CIE Illuminant A and reproductions were viewed under a D65
simulator at various luminance levels. It was found that the CIELAB, Hunt,
RLAB, and von Kries models produced the best results while
Reilly-
Tannenbaum, Nayatani, and LABHNU produced less accurate reproductions.
CIELUV results were worst. Lester (1994) evaluated color appearance models
for reproducing pictorial images
between a CRT and projected slides. She
tested Hunt, RLAB, CIELAB, and von Kries where originals were viewed on a
CRT at a white point of either D93 or D65 and reproductions were tungsten-
projected 35-mm slides. She found that RLAB produced the most accurate
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CRT matches to the slide originals, followed in order by CIELAB, von Kries,
and Hunt.
3. TC 1-27 Preliminary Findings
CIE Technical Committee 1 -27 has collected results from various studies
including paired-comparison experiments by Lo, Luo, and Rhodes (1996),
image adjustment experiments by Peter Bodrogi (University of Veszprem,
Hungary) who found better results using RLAB and Hunt's 1994 model than
Nayatani's 1995 model, approximation of Hunt's 94 Model using feed-forward
neural networks by Barolo, Campadelli, and Schettini (Istituto Tecnologie,
Informatiche Multimediali, Milano, Italy), and paired-comparison
experiments by Wei and Shyu (Chinese Culture University, Taiwan). The Lo
et al. study was described above and the results found in this thesis are
compared to this research in Chapter V. The study by Wei and Shyu found
that CIELAB, von Kries, and RLAB gave similar results for changes in white
point from D50 in a light booth to a D65 CRT. Other researchers have not yet
presented complete findings.
The results of the experiments described above show that CIELUV and
LABHNU have consistently not performed well and therefore were not
included in the present research. Most other models, however, have shown
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mixed results. This may possibly be attributed to differences in viewing
configuration, viewing conditions, experimental error, or model
implementation. Accurately reporting these factors is critical to unifying tests
of color appearance models. A goal of this research was to study the models
that gave conflicting results, RLAB, CIELAB, von Kries, Hunt, and Nayatani.
It was hoped that this additional experimentation would improve the
discriminability between these models.
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IV. VIEWING TECHNIQUES FOR CROSS-MEDIA IMAGE
COMPARISONS
Many viewing techniques can be used to compare CRT and printed
images under different illuminants and luminance levels. The manner in
which complex images are compared in a psychophysical experiment to test
color appearance models may affect the results of the experiment. The
observers'
level of adaptation and cognitive effects may differ depending on
the technique. Therefore, selection of an appropriate viewing technique is
critical for further study of cross-media image reproduction. The work
presented in this chapter examined the effects of viewing technique on
experimental results involving printed original images and matching CRT
reproductions predicted using color appearance models.
This research investigated five viewing techniques to determine which
is optimum for cross-media image comparisons including memory matching,
successive binocular matching, simultaneous binocular matching,
simultaneous haploscopic matching, and successive-Ganz/e.-i haploscopic
matching. The primary objective of this research was to compare the results
from the five viewing psychophysical experiments to determine which
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viewing technique is most appropriate for judging visual matches across
different media created using color appearance models.
The guidelines set forth by TC 1-27 recommend three viewing
techniques for color-appearance matching: successive haploscopic, successive
binocular, and a magnitude estimation technique (Alessi 1994). The first two
techniques are recommended for paired-comparison psychophysical
experiments and were of most interest to the author. Binocular viewing
techniques, those in which both the original and reproduction are viewed
with both eyes, have often been used for color matching (Newhall 1957, Hunt
1975). Binocular viewing can be accomplished in several ways. The
successive-binocular viewing technique described in the TC 1-27 guidelines
involves viewing an original with both eyes and comparing it to a
reproduction, also viewed with both eyes. The stimuli are placed at an angle
such that observers cannot see both at the same time, but can look back and
forth between them at will. Because of this rapid change between viewing
conditions, the TC 1-27 guidelines express concern that the recommended
successive-binocular technique does not allow for complete adaptation, as it
has been shown that chromatic adaptation at constant luminance is 90%
complete only after approximately 60 sec. (Fairchild 1995). Two binocular
techniques considered in this research included 60-sec. adaptation periods. In
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memory viewing, observers adapted to an initial set of viewing conditions for
60 sec, viewed the original at these conditions, adapted to a second set of
viewing conditions, and viewed reproductions at these conditions. Observers
then made judgments on the reproductions without viewing the original
again. Successive-binocular viewing, as the term is used in this thesis, was
similar to memory viewing except that observers were permitted to look back
at the original if necessary. They re-adapted to each set of viewing conditions
before proceeding. Both these techniques required some memorization of the
original. (The memory and successive-binocular techniques will be referred to
as the "memorization techniques".) As Newhall, Burnham, and Clark
reported, error occurs between one's memory of the image colors and the
originally perceived image colors (1957). Thus,
observers'
memories
introduce noise into the results of memorization viewing techniques. In
comparison, no memorization is required by the TC 1-27 successive-binocular
viewing technique.
Simultaneous-binocular viewing involves side-by-side comparison of
the original and reproduction across different media and conditions, and
requires no memorization of the originals. This technique is commonly
employed in office situations to compare printed images to those displayed on
a CRT. However, if the viewing conditions of the original and reproduction
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differ, observers do not adapt completely to either condition, and their
adaptation state is difficult to define. In this research, observers compared
CRT reproductions under one set of viewing conditions directly to adjacent
printed original images under a different set of conditions.
Use of a haploscopic viewing configuration, where each eye views a
different stimulus, reduces the difficulty of memorization errors in the
memory and successive-binocular techniques. Haploscopic techniques
assume that each eye adapts independently of the other and have been used
extensively in color-appearance research (Fairchild, Pirotta, and Kim 1994,
Wright 1934, Nayatani 1988, Eastman and Brecher 1972, Breneman 1987). In
simultaneous-haploscopic viewing, one eye views the original under one set
of viewing conditions while the other eye views the reproductions under a
second set of viewing conditions. Fairchild et al, showed that a technique
called successive-Ganz/eZd-haploscopic viewing gave significantly better
results than simultaneous-haploscopic viewing for color-appearance
modeling of patches (1994b). In successive-Ganz/<?Zd-haploscopic viewing, one
eye views the original, while a neutral diffuse filter covers the other eye,
eliminating confusion that might occur
when viewing both images at the
same time, as in simultaneous-haploscopic viewing. Use of this technique
assumes that the eye covered by the diffuse filter remains adapted to the
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appropriate viewing condition. While each eye adapts partially under
haploscopic conditions, adaptation may be more complete during binocular
viewing (Wright 1981). Also, the cognitive mechanism of discounting the
illuminant may not occur with haploscopic techniques. Table 4-1 summarizes
the major attributes of the five techniques described above.
Table 4-1. Advantages of various viewing techniques. Check marks indicate
that the technique is a natural or common way to view images, the
psychophysical experiment is reasonably quick, observers adapt fully to both
conditions,memorization of the original is not required. Question marks
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2 a < 2
Memory V V
Successive Binocular V V
Simultaneous Binocular V V V
Simultaneous Haploscopic V ? V
Successive Haploscopic V ? V
This research investigated the five viewing techniques described above
to determine which is optimum for studies of cross-media image
reproduction. Using each viewing technique, fifteen observers performed a
psychophysical experiment in which they judged how well CRT
reproductions, produced with the five color appearance models, matched
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printed original images illuminated in a light booth. Selection of the most
appropriate viewing technique was achieved by examining the correlation




a. Memory Viewing Technique
In the memory viewing technique, the printed original and the CRT
reproduction were placed at ninety degrees from each other with respect to






Fig. 4-1. Top view of set-up used for memory viewing and successive-binocular
viewing techniques. Observers sat in chair and viewed printed original in light
booth, then compared reproductions on CRT with memory of original.
While observers looked at the original, the CRT was black. Similarly, a
curtain covered the light booth while observers inspected the reproductions.
This ensured that observers could not see both images at the same time and
reduced stray light.
In memory viewing, each observer performed the following steps.
1. Adapt to 18% gray card illuminated in light booth by D50 source for 60 seconds.
2. Study printed original in light booth under D50 for 60 seconds.
3. Turn towards CRT. Adapt to neutral gray field on CRT for 60 seconds.
4. Examine first pair of reproductions on CRT. Choose reproduction that looks most like
memory of printed original.
5. Repeat step 4 for remaining nine
pairs of CRT reproductions.
6. Repeat steps 1 to 5 for remaining four printed
originals illuminated by D50.
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7. Repeat steps 1 to 6 with printed originals illuminated by A and reproductions created
by models which were adjusted for this source.
b. Successive-BinocularViewing Technique
The successive-binocular viewing technique was very similar to
memory viewing except that observers could look back at the printed original
at any time. When observers wanted to look back at the original, it was first
necessary to adapt to the gray card in the booth for 60 sec. They were also
required to adapt to the neutral field on the CRT for 60 sec. before continuing
with the reproductions. Observers could never see both the original and the
reproduction at the same time because, again, the CRT went blank while they
examined the printed original and a curtain covered the booth while they
looked at the CRT. They were not required to examine the original for a
specified period of time. The set-up was the same as that shown in Fig. 4-1.
c. Simultaneous-Binocular Viewing Technique
In the simultaneous-binocular viewing technique, the printed original
and the CRT reproductions were side by side and coplanar in the
observers'
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Fig. 4-2. Front view of set-up used for simultaneous-binocular viewing
technique. Observers made direct comparisons between printed original in light
booth and reproductions on CRT.
Observers adapted to this environment for 60 sec. by viewing the gray card in
the booth and the neutral field on the CRT simultaneously. Then the original
was placed in the booth, the reproductions appeared on the CRT, and
observers began making decisions. Observers could always see the original
and the reproduction with both eyes.
d. Simultaneous-Haploscopic Viewing Technique
In the simultaneous-haploscopic viewing technique, observers
examined the printed original with one eye (the right eye in the set-up used
here) and the CRT reproduction with the other eye. This technique allowed
each eye to adapt to a different white point while allowing direct comparison
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of the two images. During the sixty-second adaptation period, observers
examined the gray card in the light booth with their right eye and the neutral
field on the CRT with their left eye. Figure 4-3 shows the set-up for the
simultaneous-haploscopic technique.
Monitor (D65) Light Booth (D50 or A)
softcopy
reproductions
"D CJ U J 0
print original
Fig. 4-3. Front view of set-up used for simultaneous-haploscopic viewing
technique. The left eye viewed an original under one viewing condition (D65)
while the right eye simultaneously viewed a pair of reproductions under a
second viewing condition (D50 or A). Observers chose which reproduction was a
better match to the original.
e. Successive-Ganz/ieZd-Haploscopic Viewing Technique
The successive-Garcz/eW haploscopic viewing method, described by
Fairchild, Pirotta, and Kim (1994), was similar to simultaneous-haploscopic
viewing, except that observers were restricted from seeing both the printed
original and a CRT reproduction at the same time. While observers inspected
the original with their right eye under one set of viewing conditions (D50 or
A), a diffuse neutral filter at the white point chromaticity of the CRT (D65)
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covered the left eye. This filter approximated a Ganzfeld, a spatially and
temporally uniform field, in the observer's field of view. Similarly, while
observers inspected the reproduction on the CRT at D65 with their left eye,
the right eye was exposed to a Ganzfeld at the chromaticity of the first set of
conditions (D50 or A). Using a foot-pedal switch, observers controlled which
eye was covered and could switch between the original and the reproduction
as often as they wished before making their selection. During the sixty-second
adaptation period, the Ganzfeld covered the right eye while the left eye
viewed a neutral field on the CRT. The booth gave a more uniform
adaptation field on the filter than the CRT. Figure 4-4 shows the successive-
haploscopic technique.
38
Neutral Field (D65) Light Booth (D50 or A)
^^^^i i rtii i i^
"D O U J 0
print original
O




Fig. 4-4. Front view of set-up used for successive-Ganzfeld-haploscopic viewing
technique. One eye viewed the image while the other was exposed to a uniform
field (diffuser) with the chromaticity of the other viewing condition.
Observers controlled the shutter and chose which reproduction was a better
match to the original.
2. Generation of Images
Five color scenes were used in this study: two pictorials, two business
graphics, and one hybrid scene, containing pictorial information and color
patches. These images are shown in Appendix A. The originals were printed
on the Kodak XLT 7720 continuous tone digital printer at 203 dpi. The digital
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images included a half-inch white border that





spectrally non-selective, 18% gray cards. The color appearance of
these original reference images illuminated in the light booth was to be
matched by the CRT reproductions.
The printed originals were digitized before mounting using a Howtek
D4000 drum scanner at the resolution of the CRT, 99 dpi, to provide RGB data
for preparing the CRT reproductions. The scanner was colorimetrically
characterized before producing the CRT reproductions, such that scanner RGB
tristimulus values could be converted to CIE XYZ tristimulus values for the
two spectral power distributions used in the light booth, D50 and A. (The CIE
2
Standard Observer was used in all tristimulus calculations in this thesis.)
The regression scanner characterization technique used is detailed in
Appendix D. Using the results of this scanner characterization, the RGB
image data were converted to CIE XYZ tristimulus value data.
Printed original images were illuminated and viewed in a Macbeth
SpectraLite II light booth. Two light sources were used in the booth
approximating CIE Standard Illuminants D50 and A. Two General Electric
#F-
30 D50-simulator fluorescent tubes, with a correlated color temperature of
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4800K, simulated illuminant D50. The Incandescent A source in the light
booth, with a correlated color temperature of 2916K, simulated illuminant A.
(For brevity, these sources will be referred to as D50 and A throughout this
chapter.) The spectral power distributions of these sources were measured
with the PhotoResearch PR-703 Spot SpectraScan spectroradiometer. Black
velvet covered the inside of the booth. For this experiment, the maximum
luminance level of the light booth and the CRT were equal, approximately 75
cd/m2. To decrease the luminance level in the light booth to match that of the
CRT, neutral tint screens of appropriate transmittance attenuated the sources.
Measurements of the sources were made with these screens in place.
Five color appearance models were used to predict matching images for
the D65-balanced CRT using the CIE XYZ tristimulus values of the printed
originals. The models used were von Kries adaptation, CIELAB color space,
RLAB color appearance model, Hunt's color appearance model, and
Nayatani's color appearance model. The predicted reproductions, including
the white border, were displayed at 99 dpi on the CRT. They were surrounded
by a one-inch gray border with a luminance 20% of the maximum CRT white.
The remainder of the CRT was black. To avoid the use of gamut-mapping
procedures in producing the CRT reproductions, RGB digital counts of the
original image data (before printing) were compressed such that all image
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colors predicted by the appearance transforms remained within the gamut of
the CRT.
Reproductions were displayed on a Sony GDM-1950 CRT driven by a
Pixar II image computer. The CRT white point approximated the white point
chromaticity coordinates of CIE Standard Illuminant D65. The white point of
the CRT was achieved by adjusting the CRT video voltages to achieve the
appropriate chromaticity for the white point desired. This was done while
keeping the black point as close to zero as possible. A black point too low
would cause dark colors to be clipped, while one too high would result in it
being impossible to produce a true black on the screen. Also, a gray ramp was
displayed to assure gray-scale tracking throughout the range of the CRT. The
CRT characterization technique of Berns, Motta, and Gorzynski (1993) was
used to convert a desired set of tristimulus values to the appropriate digital
counts on the CRT. This technique is described in Appendix E.
All experiments were conducted in a completely darkened room, such
that only the print and/or CRT images occupied the
observers'
fields of view.
Observers sat approximately 45 in. from the printed originals and the CRT
screen in all techniques. This distance was far enough from the images to
assure that observers could not resolve the 99 dots per inch of the CRT. The











experimental conditions, observers compared printed originals to CRT
reproductions for two sets of viewing conditions: booth D50
> CRT D65 and
booth A -> CRT D65.
B. PSYCHOPHYSICS
In the psychophysical experiment, observers compared CRT
reproductions to printed originals, using the five viewing techniques under
investigation. Observers examined an original in the light booth illuminated
by the D50 light source and compared it to a pair of reproductions displayed in
the center of the CRT. Only one of the two reproductions was displayed at a
given time and observers toggled between the two. Observers chose which of
the two reproductions looked most like the original, using a
paired-
comparison paradigm. Observers received the following instructions:
In this experiment, you will be comparing a printed original image in the light
booth to two reproductions on the CRT. Your task is to choose which of the
reproductions looks most like the original (not necessarily which image looks
better.) You will be judging the color of the images only. You can toggle between
the two reproductions by using the 1 and 2 keys. To select an image, go to that
image by toggling and then press the space bar.
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Observers compared each reproduction created with one of the five models to
every other reproduction, which resulted in ten paired comparisons.
Observers made decisions for the ten pairs of CRT reproductions of the first
printed original. This procedure was repeated for each of the five originals
illuminated by D50. Observers then repeated the experiment with the
originals illuminated by A. The CRT reproduction shown first in each pair
was randomized as was the order in which the ten pairs were presented.
The experiments were performed in the following order: memory,
successive binocular, simultaneous binocular, simultaneous haploscopic, and
successive haploscopic. The memorization techniques were performed first so
that observers had no prior knowledge of the images they were viewing. The
direct-comparison methods followed because it was believed that any effect of
previously viewing the images would be insignificant relative to direct
comparison of the images.
Observers were surveyed and asked to compare the various techniques.
They were asked to rate each of the five technique from 1 to 5 on the basis of
four attributes. In each case, the values of 1 and 5 were given descriptors, as
shown in Table 4-II.
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Table 4-H. Attributes and scale by which observers judged and compared the
various viewing techniques.
Physical Comfort: most comfortable 12 3 4 5 least comfortable
Goodness ofMatches: always good 12 3 4 5 never good
Overall Ease of Experiment: very easy 12 3 4 5 very difficult
Overall Preference: lots of fun 12 3 4 5 hated it
Fifteen observers performed each of the five viewing technique
experiments. The same observers were used whenever possible to reduce
observer differences as a variable in this research. Twelve observers
performed all five techniques. Most observers were in the field of imaging
science or color science and several had previous experience in color
matching or color reproduction. They ranged in age from 21 to 40 years old.
C. DATA COLLECTION AND ANALYSIS
1. Derivation of Interval Scale
Using Thurstone's Law of Comparative Judgments (1927), the choices of
CRT reproduction were converted to an interval scale of color reproduction
quality for the various models. A matrix
p.. was constructed that contained
the proportion of observers who judged the CRT reproduction represented by
the matrix column to be a closer visual match to the original than the
reproduction represented by the matrix row. These proportions were
converted to z-scores (unit normal deviates) by referring to a table of areas
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under the unit normal curve. The columns of the z-score matrix were
averaged to give interval scale values of the models, indicating their
performance in producing a visually matching CRT reproduction of the
printed original. This technique is explained in detail by Torgerson (1967) and
described in Appendix H. Because the results of this analysis formed an
interval scale, a constant could have been added to or multiplied by the scale
values without changing the meaning of the scale. For example, a constant
could have been added such that the model with the lowest score received a
value of zero, producing all positive scale values. In this analysis, interval
scales values summed to zero so that the scales for the various techniques
could more easily be compared.
Several other techniques exist for converting the proportions through a
sigmoidal curve to an interval scale. The logistic transformation described by
Maxwell is shown in eq. 4-1.
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n,y is the number of times the model / was selected over the model i, pVj is the
corresponding proportion, and n is the number of observers. The inverse sine
of the square root of the proportion also approximates the cumulative
normal distribution. The resulting distribution of these methods for

















Fig. 4-5. Distributions for converting proportions obtained by the paired-
comparison technique to interval scale values. In this research, the z-score
transformation was used.
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In this research, the z-score transform was used. Because the other methods
produce nearly scaled versions of the z-score scale, the choice of method was
immaterial. Several of the proportion matrices contained entries of zero,
indicating that none of the fifteen observers selected a given reproduction
over another reproduction. The unit normal deviate for a proportion of zero
is undefined, so a method described by Torgerson for handling such
incomplete proportion matrices was used for these cases (1967) The technique
is described in Appendix H. [Note that this technique cannot be applied when
a given matrix has an entire column of zeros, as was the case in the
successive-binocular technique for the uchart image under the A source for
Nayatani's model. The data for that image were eliminated from the
analysis.]
Interval scale values were calculated for all five viewing techniques and
the results were tabulated in Appendix F. The values were averaged over the
five images to indicate over-all model performance for the two illuminating
sources. Comparison of these tables was an important factor in selecting the
most appropriate viewing technique for this type of cross-media image
reproduction work.
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2. Data Removed From Analysis
Occasionally observers selected a reproduction without having viewed
both images in the pair. The first type of error occurred when observers did
not press either the 1 or 2 key before pressing the space bar. The second type
occurred when observers examined the first reproduction to appear, pressed
the key corresponding to the same reproduction, and made their decision
without viewing the second image. Both cases were eliminated from the
analysis.
3. Criteria for Selection of Viewing Technique
Several factors were considered when selecting the most appropriate
viewing technique or cross-media image reproduction studies. The
technique chosen should be a realistic method for viewing images or should
correlate well with such a method, should have high sensitivity in the
resulting scale, and should not be uncomfortable for observers to perform.
Using these criteria, the five techniques were evaluated to determine which
were appropriate for cross-media image comparisons.
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a. Correlation Between Techniques
If the results of an experiment performed with one technique correlated
well with those of a second technique, the techniques could be thought of as
giving the same results. Normal linear regression was not appropriate for this
analysis since it assumes that only the y-variable contains error.
Fuller
describes a technique for calculating correlation between variables that
both
contain error (1987). Assuming that the data from the various viewing
techniques had approximately the same error distribution, principal
component analysis was used as a special case of Fuller's technique. In
principal component analysis, the first eigenvector lies along the direction of
maximum variance. The percentage of the total variance explained by the
first eigenvector was used as metric of the correlation between two
techniques. (In this thesis, the percentage of variance explained by the first
eigenvector will be referred to as the PVE value.)
b. Scale Sensitivity
The selected viewing technique should have a sensitive scale. The
technique that had the most spread in the interval scale was most sensitive,
and differences between models were most apparent. To analyze scale
sensitivity, the amount of spread in the interval scale was compared between
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techniques. The amount of spread between two viewing techniques was
compared by considering the slope of the first eigenvector for every pair of
techniques. If this slope value was 1.0, the two scales had the same amount of
spread. If the slope was greater than 1.0, the technique plotted on the y-axis
had a greater amount of spread than the technique plotted on the x-axis.
c. Observer Preference
To determine which techniques were most "observer-friendly", the
fifteen observers completed a survey rating each technique in four categories:
goodness of matches, physical comfort, overall ease, and overall preference.




D. RESULTS AND DISCUSSION
1. Selection of Technique
a. Correlation between Techniques
The percentage of the total variance explained by the first eigenvector for
each pair of viewing techniques is shown in Table 4-ffl. The minimum
possible PVE value was 50%. The cross-diagonal terms are equivalent so the
bottom-left half of the table was omitted.
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99.01 95.41 97.48 88.82




Table 4-III. Percentage of variance explained by first eigenvector for pairs of
viewing techniques using data averaged over image content.






Table 4-III shows that the memory and successive-binocular viewing
techniques correlated well (PVE = 99.01%). Simultaneous- and successive-
haploscopic viewing techniques also correlated well (PVE
= 99.20%.)
Simultaneous-binocular viewing had PVE values less than 90.28% implying
low correlation with other techniques. The PVE value between
memorization techniques and haploscopic techniques ranged between 95.16%
and 97.48%. These percentages were reasonably high, but not as high as those
between the haploscopic techniques or between the memorization
techniques. This implied a fundamental difference between these two classes
of viewing technique. This difference was likely due either to an inability of
observers to fully discount the illuminant in the haploscopic techniques, or to
adaptation, which may not have been as complete for haploscopic viewing as
it was for the memorization techniques.
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b. Scale Sensitivity
Table 4-IV shows the slope of the first eigenvector for all pairs of viewing
techniques. Slope values greater than one imply that the column technique
was more sensitive than the technique in the corresponding row.
Table 4-IV. Slope of first eigenvector for data averaged over image content for
each pair of viewing techniques. Column headings indicate techniques
plotted
on the x-axis and row headings indicate techniques plotted on the y-axis.
Memory Succ. Bin. Succ. Hapl. Sim. Hapl. Sim. Bin.
Memory 1.00 0.93 0.90 0.72 0.55
Succ. Bin. 1.07 1.00 0.97 0.77 0.59
Succ. Hapl. 1.12 1.03 1.00 0.81 0.64
Sim. Hapl. 1.72 1.30 1.24 1.00 0.85
Sim. Bin. 1.82 1.70 1.56 1.18 1.00
Rank 1 2 3 4 5
Table 4-IV shows that the memory technique had the most expanded scale of
the techniques since, when this technique was plotted on the y-axis, the slope
was always greater than one. The memory technique was slightly more
expanded than the successive-binocular technique. The interval scale found
with the successive-haploscopic technique was more sensitive than that
found with the simultaneous-haploscopic technique, as Fairchild et al. found





Fig. 4-6 shows the results of the observer survey for the five techniques.
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Fig. 4-6. Results of observer survey on a scale of 1 (best) to 5 (worst).
Observers found the binocular techniques to be best for physical comfort.
Some observers complained of back discomfort after the haploscopic
techniques, from positioning their heads in the viewer for long periods of
time. They found successive haploscopic to be slightly less comfortable due
the noise and inconvenience of the shutter. Observers felt that the matches
were not as good for the simultaneous-binocular technique as for other
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techniques. Presumably, this was because observers were not clearly adapted
to either condition and differences between source chromaticity were evident.
They also felt that their matches for the memory technique were not as good
because they could not look back to confirm their choices as they could with
other techniques. Observers found the successive-binocular technique to be
the most difficult overall and to be least preferred due mainly to the long
adaptation times required if the observers chose to look back at the printed
original. Successive haploscopic was also not rated as well as other techniques
for these two categories because of having to use the foot pedal to toggle
between the images.
2. Preferred Reproductions
There was some concern that the sixty-second adaptation period in the
memorization techniques between viewing the originals and the
reproductions may have confounded
observers'
memories. A preference
experiment was performed to determine whether observers chose the
reproductions they preferred rather than those that matched their memory of
the original. Observers were shown only the pairs of CRT reproductions of
the same five images without the presence of the printed original for
comparison, and were asked to choose the reproduction they preferred. If
their CRT reproduction choices were the same as when the printed originals
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were present, then it is possible that they based their initial decisions on
preference rather than memory. If their CRT reproduction choices differed
from when the printed original was present, then observers did not make
their initial decisions based on preference. The twelve observers who
performed this experiment completed both memorization techniques. This
experiment took place approximately six months following the initial
matching experiments.
The successive-binocular technique was very similar in procedure to the
memory technique, so the correlation between the results of these two
techniques approximately indicates the repeatability of the memory viewing
technique. If observers chose solely on preference, then the correlation
between the memory technique and the preference technique would
approximately equal the correlation between the memory and
successive-
binocular viewing techniques. The memory and successive-binocular results
for the twelve observers who performed the preference experiment were
used.
For five of the ten images in the preference experiment, Nayatani's
model was never chosen. The analysis technique described by Torgerson can
not be employed if a model is never chosen. Therefore, all results for
Nayatani's model were eliminated from this part of the analysis. Fig. 4-7(a)
56
shows the interval scale values from the memory viewing experiment versus
the interval scale values of the preference experiment. A point on this figure
represents the interval scale value of a given model averaged over the five
images for one source. The results for the same twelve observers for memory


































Fig. 4-7. Averaged results of memory compared to (a) preference and (b)
successive-binocular experiments for twelve observers. Each point represents
the scale value of one model averaged over five images under one of the two
sources. The line lies along the direction of the first eigenvector.
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The PVE was much higher between the two memorization techniques
(95.77%) than between the preference and memorization experiments
(memory = 82.38%, successive binocular = 76.38%), and this can be observed
in Fig. 4-7.
Lester (1994) performed a color-appearance modeling experiment similar
to that described here, involving CRT originals and projected slide
reproductions. She preceded the memory matching experiment with a
preference study and found that the results of the memory technique and the
preference technique were statistically different. The results of these two





memory decisions. For five images, Nayatani's model was
chosen in the initial memorization experiments and not chosen in the
preference experiment, further indicating a difference between the preference
and memory results. Therefore, it was concluded that the results of the




Three factors went into the selection of memory matching as the
preferred technique for this type of cross-media image reproduction work.
The technique should be a typical way of viewing images or should correlate
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well with one, the technique should have a sensitive scale, and the technique
should not be uncomfortable, mentally or physically for the observers.
Simultaneous-binocular viewing may be the most common way to
compare printed and CRT images. A printed image is often directly compared
to a CRT image by holding the print next to the CRT. However,
simultaneous-binocular viewing does not allow observers to adapt to both
white points, and their adaptation state is difficult to define. If this technique
is used, while not recommended, an adapting white point for the models
should be chosen somewhere between the two adapting conditions being
considered. Berns and Choh determined the optimal adapting white point for
simultaneous-binocular viewing (1994). Katoh determined similar results
(1994). This technique is appropriate when the two viewing conditions are
approximately the same.
The use of haploscopic viewing techniques assumes that each eye
completely adapts to the appropriate viewing condition. Observers need not
rely on their memory of the original and view each image in an adapted
environment. Haploscopic techniques are generally used only for comparing
images in psychophysical experiments and not in everyday comparisons.
Table 4-II showed a slight decrease in the correlation between haploscopic
techniques and memorization viewing techniques, which are more natural.
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The assumption with haploscopic viewing that the eyes can
adapt
independently may not be strictly true and the cognitive mechanism of
discounting the illuminant may not be as complete as for binocular viewing.
Despite these differences, haploscopic techniques offer a relatively quick
method for performing comparison experiments and provide reasonably
accurate results. The successive-Ganz/.W-haploscopic technique gave more
sensitive results than the simultaneous-haploscopic techniques, both for
images, as shown here, and for patches (Fairchild 1994b).
Memorization viewing techniques are a common and natural method
for comparing images. Printed images often have a final use where observers
are not comparing the print directly to the CRT image, and are therefore
completely adapted to each white point independently. The sixty-second
adaptation period between viewing the original and the first reproduction
may have degraded the memory of the original, producing some
noise in the results. Successive-binocular viewing is similar to memory
viewing, but was not as dependent on
observers'
memory. During the
successive-binocular viewing, observers looked back at the original about 4.1
times during one hundred comparisons, making the two techniques nearly
the same.
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The memory viewing technique was preferred
over the successive-
binocular technique for several reasons. Observers rated memory viewing
significantly easier to perform and preferable to successive-binocular
viewing.
As shown in Table 4-III, memory viewing produced a slightly more sensitive
scale. These techniques produced similar results with no significant
improvement by allowing observers to look back at the original image. The
memory viewing technique is a natural way to view images and observers
fully adapt to each set of viewing conditions. Memory viewing is
recommended for this type of color-matching experiment and was therefore
used by the author for cross-media image reproduction studies described in
Chapters V and VI.
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V. TESTING COLOR-APPEARANCE MODELS FOR CROSS-
MEDIA IMAGE REPRODUCTION
Five color appearance models were compared in a series of
psychophysical experiments under a variety of viewing conditions. The goal
was to determine which of these transformations most accurately predicted
color matches for a wide range of viewing condition changes. This research
followed the guidelines set forth by the International Commission on
Illumination (CIE) Technical Committee 1-27, Specification of Colour
Appearance for Reflective Media and Self-Luminous Display Comparisons.
The models tested included Hunt's model, Nayatani's model, RLAB, CIELAB
color space, and von Kries chromatic adaptation. These models were used to
generate CRT reproductions at one viewing condition to match print
originals at another viewing condition. The viewing conditions varied in
white point, luminance level, background reflectance, and surround, and are
listed in Table 5-1. Fifteen to twenty-four observers performed psychophysical
experiments to test the accuracy of the five models under these viewing
conditions. Memory matching was used for these comparisons based on the
results reported in Chapter IV. Reproductions were made where both sets of
viewing conditions were equal, shown in Table 5-1 as
"Standard."
If all
devices were properly characterized and the model programs were working
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correctly, this condition would produce a colorimetric match. A colorimetric
match for these equal viewing conditions was indicated by a visual match
between the images.
Table 5-1: Viewing conditions investigated.
Exp.# Print CRT Background Surround Luminance
White White (Print/CRT) (Print/CRT) (cd/m2)
Point Point (Print/CRT)
0. Standard D65 D65 Gray/Gray Dark/Dark 85/85
1. White Point D50 9300K Gray/Gray Dark/Dark 85/89
2. D65 9300K Gray/Gray Dark/Dark 90/90
A. D50 D65 Gray /Gray Dark/Dark 75/75
B. A D65 Gray/Gray Dark/Dark 75/75
3. Luminance D65 D65 Gray/Gray Dark/Dark 180/78
4. Level D65 9300K Gray/Gray Dark/Dark 215/87
5. D50 9300K Gray /Gray Dark/Dark 178/34
6. D50 D65 Gray/Gray Dark/Dark 180/78
7. Background D65 D65 Gray/White Dark/Dark 68/70
8. D65 D65 Gray/Black Dark/Dark 85/85
9. Surround D65 D65 Gray/Gray Average/Dark 80/80
10. D65 D65 Gray/Gray Dim/Dark 80/80
Paired-comparison experiments, such as those performed in this research,
result in interval scales that relate the different stimuli to each other. In order
to determine model performance in an absolute sense, observers were also
asked to rate the quality of the match between the original and each
reproduction produced with one of the color appearance models. In this way,
it was determined whether any or all of the models produced acceptable
matches or whether even the best models still need improvement.
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Studies have shown that observers may have systematic errors in their
color memory. Burnham and Clark published the description of an
instrument designed to test color memory for variations in hue (1955).
Results of experiments on this apparatus did not show any systematic
deviation in hue memory, although observers had more difficulty with some
matches than with others. (The mean color was always correct but the
standard deviation varied.) Nilsson and Nelson found that, in memory, blues
tended to become greener; reds became yellower; greens became yellower for
delays less than 1 second and bluer at longer delays (1981). Violets, green-blue,
and yellow-orange were remembered most accurately. The magnitude of the
hue errors did not significantly vary with delay time. The authors suggest that
delayed hue matches could be corrected for these systematic errors. Uchikawa
and Ikeda studied the difference in brightness matching using a haploscopic
and a successive viewing set-up (1986). They found that, when using the
successive method, observers remembered colors as darker. A similar study
by Uchikawa found that observers remembered colors as more chromatic for
most stimuli (1983). Newhall, Burham, and Clark found that "somewhat
greater purity and luminance are required to complete memory matches of
previous test colors than would be necessary for perceptual matches of those
same test (1957). These experiments were performed using colored
patch stimuli. Because the memory matching technique requires observers to
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remember the original image for 60 sec. during adaptation, the ability of the
observers to accurately remember the color in the original is important.
Therefore a small study of observer memory was designed in which observers
viewed an original on the CRT, waited for 60 sec, and then were asked to
determine which of a pair of images was the original. The other image in the
pair contained an overall color shift from the original.
A. EXPERIMENTAL SET-UP
1. Viewing Conditions
Table 5-1 on p. 64 lists the viewing conditions that were examined in this
experiment. All experiments were conducted in a completely darkened room,
such that only the print or CRT images occupied the
observers'
fields of view.
Observers sat approximately 45 in. from the printed original images and the
CRT screen in all techniques. This distance was far enough from the images
to assure that observers could not resolve the 99 dots per inch of the CRT. The










memory technique as described in the previous chapter, the CRT and booth
were placed at
90
with respect to the observer. Because CRT displays require
time to stabilize which is image dependent, it was undesirable to display black
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on the CRT while observers viewed the print (Berns 1993b). Therefore, digital
counts equal to 20% of the maximum CRT luminance and at the chromaticity
coordinates of the white point were displayed while observers viewed the
print. A black velvet cloth covered the CRT during this time period.
Similarly, a piece of black foam core was used to cover the booth while
observers viewed the CRT reproductions. The experimenter was responsible
for covering the appropriate device during each observer's session.
2. Generation of Images
Five digital color scenes containing pictorial information were used in
this study. These scenes, shown in Appendix A, were carefully selected to
contain a variety of hues and chromas. The results for each viewing
condition were averaged over the five scenes. The original reference images
were printed at 200 dpi on the Fujix Pictrography 3000, a continuous-tone
digital printer. The digital images were adjusted to 1200 x 1600 pixels such that






images included a thin





spectrally non-selective, 18% gray cards. The
printed images were digitized before mounting using the Howtek D4000
drum scanner at approximately the resolution of the CRT, 100 dpi, to provide
RGB data for preparing the CRT reproductions. In the experiments discussed
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in Chapter IV, prints were scanned at 99 dpi, the actual resolution of the CRT.
It was discovered, however, that the scanner interpolates from an optical
resolution of 100 dpi to the desired resolution of 99 dpi. This interpolation led
to some undesirable artifacts in large uniform areas that were not discovered
during previous experiments. The scanner was colorimetrically characterized,
so that scanner RGB tristimulus values could be accurately converted to CIE
XYZ tristimulus values for the various spectral power distributions used in
the light booth. The scanner characterization technique used was developed
by Berns and Shyu (1995) and is described in Appendix G. Using the results of
this scanner characterization, the image RGB data were converted to CIE XYZ
tristimulus data.
Printed original images were illuminated and viewed in a Macbeth
SpectraLite II light booth. Light sources under which the original images were
viewed simulated CIE Standard Illuminants D65 and D50. (These sources will
be referred to as D65 and D50 throughout this chapter.) The D65 source was a
filtered tungsten source and the D50 source was a fluorescent bulb. The
spectral power distributions of these sources are shown in Fig. 5-1. These
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Fig. 5-1. Spectral power distributions of the sources at various luminance levels
used these experiments. The sources, D50 and D65, were measured off a Halon




For the default dark surround condition, black velvet covered the inside of
the booth. Hardcopy originals included a thin white border that was adjusted
by the models as part of the image. Reproductions were displayed on a Sony
GDM-1950 CRT whose white point approximated the white point
chromaticity coordinates of 9300K and CIE Standard Illuminant D65. The
white point of the CRT was achieved by adjusting the voltage guns to achieve
the appropriate chromaticity for the white point desired. Constraints of this
adjustment are described in Chapter IV. The CRT characterization technique
of Berns, Motta, and Gorzynski (1993) was used to allow a desired set of
tristimulus values to be produced with the appropriate digital counts on the
CRT. This technique is described in Appendix E.
Five color appearance models were used to predict matching images for
the CRT using the CIE XYZ tristimulus values of the print originals. The
models used were von Kries chromatic adaptation, CIELAB color space, RLAB
color appearance model (1996), Hunt's color appearance model (1994), and
Nayatani's color appearance model (1990). The predicted images, including
the white border, were displayed at 99 dpi on the CRT. They were surrounded
by a one-inch gray border with luminance of 20% of full CRT white. The
remainder of the CRT was black. To avoid the use of gamut-mapping
procedures in producing the CRT reproductions, RGB digital counts of the
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original image data (before the initial printing) were compressed such that all
image colors predicted by the appearance transforms remained within the
gamut of the CRT.
3. Changes for Specific Viewing Conditions
Changes in background of the CRT image were achieved by surrounding
the image (including the white border) with digital counts of either (0, 0, 0) for
black or (2048, 2048, 2048) for white. The appropriate digital counts were
displayed for the gray background such that it had a luminance level of 20%
of the screen white. The original printed image was mounted on an 18%
photographic gray card for all viewing conditions. Only Hunt's model has
parameters to account for changes in background between the original and
the reproduction. Nayatani's model accounts for backgrounds of medium
gray, light gray, and white when the backgrounds of the two images match
(1990b). If all other viewing conditions were matched exactly, all
transformations except Hunt produced a tristimulus match. In the
experiments to test the effect of background, all other viewing conditions
were matched as closely as possible, but small discrepencies could have
resulted in slight differences between the calculated reproductions.
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To obtain a difference in the surround between the two images, the
surround of the print was modified. Changing the surround of the CRT
would have introduced flare on the faceplate. Therefore the surround of the
CRT was always dark, achieved by viewing the CRT in a completely darkened
room. For a dark surround in the booth (the default condition for the
experiments,) observers viewed prints through an aperature cut in a piece of
black foam core. The image and gray background filled the view through the
hole. The booth walls were lined with black velvet so that if observers moved
from a centered position, they would see the velvet. A dim surround was
achieved by lining the interior of the booth with spectrally-flat cardboard of
about 13% reflectance. The walls of the booth, about 40% reflectance, were
used for an average surround. No viewing port was used for the dim or




field of view. For the calculation of Hunt's model, average surrounds were
assumed to be "normal
scenes,"
dim surrounds were "television displays in
dim
surrounds,"
and dark surrounds were "projected photographs in dark
surrounds."
To adjust the light booth to a given luminance level, neutral tint screens
of appropriate transmittance attenuated the sources. Measurements of the




In the psychophysical experiment, observers compared CRT
reproductions to print originals for each of the viewing conditions under
investigation. A memory viewing technique was employed based on results
given in Chapter IV showing that the results obtained using this technique
were most consistent with practical viewing environments. The printed
originals and CRT reproductions were placed at ninety degrees from each
other with respect to observers. Observers adapted to an 18% gray card in the
light booth for 60 sec, based on a study of the time-course of chromatic
adaptation by Fairchild and Reniff (1995). Then observers examined a printed
original scene in the light booth. When they were comfortable that they could
remember the colors in the original image, the image was covered and they
turned their attention to the CRT. After adapting to a gray field at the white
point and 20% of the maximum luminance of the CRT, observers compared
pairs of CRT reproductions. CRT reproductions were displayed successively in
the center of the CRT and observers toggled between the two to decide which
of the two reproductions looked most like the original. Observers compared
each reproduction derived using one of the five models to every other
reproduction, which resulted in ten paired comparisons. The CRT
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reproduction that was shown first in each pair was randomized as was the
order in which the ten pairs were presented. This process was repeated for
five different original scenes. Observers were given the following
instructions:
In the following experiment, you will view an original print image. Study the
color information in the image. You will view a pair of computer reproductions
which you may toggle between using the [1] and [2] keys on the keyboard.
"Which of the two computer reproductions most closely matches
the color in the original
image?"
When you have made your decision, toggle to the image you have chosen and
press the space bar. A second pair of reproductions will appear on the monitor
and you will repeat the above procedure.
2. Acceptability of Model Reproductions
A limitation of the paired-comparison technique is that it does not
reveal whether the models produce good color-appearance matches.
Therefore, after observers completed the paired-comparison experiment, they
were shown each CRT model reproduction individually and asked to rate the
quality of the match to the
original on a six-point categorical scale. The
categories included: excellent match, good match, just acceptable, just
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unacceptable, poor, or terrible. Observers were given the following
instructions.
At the conclusion of this experiment, you will view five computer reproductions
of the same images.
"How acceptable is the image as a
reproduction of the original
print?"
Use the following rankings:
1 - Excellent color match
2 - Good color match
3 - Just acceptable color match
4 - Just unacceptable color match
5 - Poor color match




memory of the original could be trusted, a
test image was added to the beginning of six of the phases. The layout and
instructions for this study were identical to those described for the
paired-
comparison study above, except that the original was also displayed on the
CRT. Observers were asked to study the original image until they felt
comfortable that they could remember it. Then they viewed a gray field on
the CRT for 60 sec. to simulate the actual cross-media experiment. Observers
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were then shown pairs of
"reproductions"
containing the original and an
image that was adjusted away from the original in either contrast, hue, or
chroma using Adobe
Photoshop. (Because there was no change in viewing
condition, the reproduction derived using the color appearance models
would have been identical to the original.) Observers were asked to choose
which of the images looked more like the original, and the frequency of
correct choices was determined. Several pairs that did not contain the original
were randomly interspursed with the other pairs so that observers did not
learn the original from their previous choices. The images for this study were
chosen from the Kodak PhotoCD sampler disk and included parrots,
motorcycles, a lighthouse, a barn, a still-life by a window, and a cafe. These
images are shown in Appendix A. This session also served as a training
session, allowing observers to become familiar with the task that they would
be performing.
4. Observers
In total, 91 observers participated in this series of experiments.
Approximately 70% were male, and about 70% were of American origin. A

































Fig. 5-2. Histogram of observer age for this series of experiments.
The average age was 32, and observers ranged in age from 18 to 59. Observers
were tested for color deficiencies using the Ishihara Tests, and all were found
to have color-normal vision.
C. DATA ANALYSIS AND RESULTS
1. Paired-Comparison Data
a. Interval Scale Derivation
Using Thurstone's Law of Comparative Judgments (1927), the choices of
CRT reproduction were converted to an interval scale of color reproduction
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quality for the various models. A matrix p.. was constructed that contained
the proportion of observers who judged the CRT reproduction represented by
the matrix column to be a closer visual match to the original than the
reproduction represented by the matrix row. These proportions were
converted to z-scores (unit normal deviates) by referring to a table of areas
under the unit normal curve. Each column of the z-score matrix was
averaged to give the interval scale value for that model, which indicated the
model performance in producing a visually matching CRT reproduction of
the print original. This technique is explained in detail by Torgerson (1967).
An example calculation is given in Appendix H.
Several of the proportion matrices contained entries of zero, indicating
that none of the observers selected a given reproduction over another
reproduction. The unit normal deviate for a proportion of zero is undefined,
so a method described by Torgerson for handling such incomplete proportion
matrices was used for these cases. An example of this calculation is also given
in Appendix H. [Note that this technique can not be applied when a given
matrix has an entire column of zeros. The data in these cases were eliminated
from the analysis.] Erroneous data were removed in the same manner as
described in Chapter IV.
78
b. Confidence Interval Calculation
Confidence intervals on the scale values were calculated in terms of the
scale units. One unit on the interval scale equals yjl o\ Therefore, the standard
deviation, a, of a given value is l/yjl or 0.707 units. A 95% confidence interval
around a given interval scale value is calculated in eq. 5-1.
zq'G
_
L% j_ _ 1.386
Confidence interval around X: (X - C, X + C)
N is the number of observations for each pair. When the image results were
averaged, the confidence interval found in eq. 5-1 was divided by >/5 , the
square root of the number of images.
When erroneous data were removed, the number of observers viewing
a given pair was reduced, increasing the confidence interval for that pair.
New confidence intervals were calculated using the average number of
observers in each column. For example, the matrix in Table 5-II represents the
responses for a hypothetical scene.
79
Table 5-II. Example proportion matrix in which all pairs were not judged by the
same number of observers.
RLAB Hunt CIELAB Nayatani von Kries
RLAB x 8 3 12 5
Hunt 16 X 11 17 2
CIELAB 21 12 X 10 17
Nayatani 12 7 14 X 12
von Kries 19 22 6 12 X
For this scene, two pairs were viewed by only 23 of the 24 observers: CIELAB
versus Hunt and CIELAB versus von Kries. Therefore the average number of
observers for Hunt and von Kries was (24x3 + 23)/4 = 23.75. The average
number of observers for CIELAB is (24x2 + 23x2)/4 = 23.5. In most cases, the
effect on the results was smaller than the precision reported in this thesis.
c. Paired Comparison Results and Discussion
The results of the experimental phases are summarized in Table 5-III.
These data are plotted in Fig. 5-3 through 5-6.
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Table 5-III: Results of paired comparison of model reproductions for various
viewing conditions.
Exp.# Changed... Obs. Conf. Int. RLAB Hunt CIELAB Nayatani von Kries
1. White Point 22 0.132 0.652 -0.122 -0.190 -0.968 0.629
2. 24 0.127 0.373 -0.651 0.283 0.044 -0.059
A.*
16 0.155 0.252 0.048 0.343 -0.824 0.181
B.*
16 0.155 0.460 0.151 0.289 -1.044 0.121
3. Luminance 24 0.127 0.043 0.057 0.114 -0.174 -0.047
4. Level 14 0.168 0.317 -0.770 0.165 0.100 0.187
5. 24 0.127 0.507 -0.265 0.010 -0.775 0.523
6. 24 0.127 0.199 0.198 0.175 -0.588 0.012
7.**
Background 20 0.155 0.554 -1.003 0.204 0.355 -0.111
8.**
20 0.155 0.372 -1.258 0.270 0.353 0.263
9. Surround 24 0.127 -0.947 0.130 0.370 0.293 0.154
10. 24 0.127 -0.250 -0.348 0.183 0.293 0.122
Median 0.345 -0.194 0.194 -0.065 0.149
Average 0.211 -0.319 0.185 -0.244 0.167
*
These experiments were performed as a part of a previous the viewing
techniques experiment described in Chapter IV.
**
The Fruit image in experiment 8 and the Golfer image in experiment 7 were
excluded because none of the observers chose Hunt's reproduction in any pair.
For these images, it was not possible to use Torgerson's method so they were
removed from the analysis.
The values in this table represent the interval scale value of each model
averaged over the five images. Because this is an interval scale, the zero-
value has no meaning. Therefore, a constant could have been added to the
results to yield all positive scale values. The results shown in Table 5-IEt are













Fig. 5-3. Interval scale values for experiments 1, 2, A, and B which contained








? D65 (180) -> D65 (78)
C3D50 (180) -> D65 (78)
? D50 (178) -> 9300 (34)
? D65 (215) -> 9300 (87)
CIELAB von Kries Nayatani Hunt
Fig. 5-4. Interval scale values for experiments 3, 6, 5, and 4 which contained
changes in luminance level between the original and the reproduction.
Luminance levels (in cd/m2) are shown in parantheses in the legend.
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Experiments 1, 2, A, B shown in Fig. 5-3 and experiments 3, 4, and 5 in Fig. 5-4
contained changes in white point between the original and reproduction.
Over the wide range of white points used in this experiment, RLAB produced
the best reproductions or tied with the best model in all cases. CIELAB
produced the best matches in five of seven cases, von Kries in three cases,
Hunt in one case, and Nayatani never. It is possible that Hunt's and
Nayatani's model were overpredicting the effect of the Helson-Judd effect,
which had a tendency to incorrectly reproduce neutrals. For the largest white
point changes, D50 to 9300K, RLAB and von Kries did equally well in
producing a match. When only luminance level changed as in experiment 3,
all models produced similar results. RLAB, Hunt, and CIELAB produced the
best results followed closely by von Kries and Nayatani. Thus combining
luminance level changes with white point changes gave results similar to







RLAB CIELAB von Nayatani Hunt
Kries
Fig. 5-5. Interval scale values for experiments that contained a change in
background between the original and the reproduction; experiments 7 and 8.
Experiment 7 included a change in the background from gray in the print
original to white in the CRT reproduction. Experiment 8 had a black
background around the reproduction. Hunt's model overpredicted the effect
of background on images in both experiments. The visual effect was to
produce an image too chromatic and light for the white background, and too





for the Barn reproductions produced using Hunt's model
and RLAB for these two experiments. Similar results were found for other
scenes.
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Table 5-IV. Lightness, L*, and chroma, C*, ofBarn reproductions produced using
RLAB and Hunt's model. Hunt's model produced reproductions that were
significantly lighter and more chromatic on the white border, and darker and
less chromatic for the black border
White Border Black Border







The application of Hunt's model in this experiment was not strictly justified.
The background effect in Hunt's model was designed for patches of
approximately
2
angular subtense on the retina with a border extending to
10
angular subtense. The images in this experiment subtended an angle of
13
with a background subtending 16. The background effect in Hunt's model
is based on the principal that, when compared to a colored patch viewed on a
gray background, a white background causes the patch to appear darker and
less chromatic. Similarly, a dark background causes the patch to appear lighter
and more chromatic. Hunt's model adjusts for these so-called brightness and
chromatic induction effects, resulting in an increase in the lightness and
chroma of the patch on the white background and conversely for the black
background. The effect of background on color appearance is probably less for
images than patches and is certainly less as the area of the background
decreases and distance from the center of the image increases. All remaining
models performed equally in experiment 8 since they produced nearly
identical images, only differing slightly due to differences in white point. In
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experiment 7 however, RLAB and Nayatani perform significantly better than
CIELAB and von Kries, probably due to the small difference in luminance
level or white point between these images. Because the thin white border was
adjusted using the models, such differences would cause variations in this
border. This thin white border was surrounded by monitor white in










Fig. 5-6. Interval scale values for experiments that contained a change in
surround between the original and the reproduction; experiments 9 and 10.
The RLAB model and Hunt's model attempt to account for changes in the
surround. In RLAB, the CIELAB-type exponent a of eqs. 2-26 through 2-28
equals 1/2.3 for average surrounds, 1/2.9 for dim surrounds, and 1/3.5 for
dark surrounds. Hunt varies the chromatic surround induction factor Nr and
86
the brightness surround induction Nb depending on whether the image is (a)
a small area in uniform light background and surround, (b) a normal scene,
(c) a television display in a dim surround, (d) a projected photograph in a
dark surround, or (e) an array of adjacent colors in a dark surround. In this
experiment, condition (b) was used to calculate the average surround
condition, condition (c) was used for the dim surround, and condition (d) was
used for dark surrounds, the default condition in this study. In experiment 9,
in which the original is viewed in an average surround, and experiment 10,
in which the original is viewed in a dim surround, both RLAB and Hunt
overpredicted the effect of surround on color appearance in the images
causing the images to have too much contrast. This results was also found in
a study by Lo et al. (1996). The surround effect in both models is based on the
lightness scaling experiments of Bartleson and Breneman (1967). It is likely
that the effect of surround was larger in Bartleson and Breneman's
experiments than in this research due to the details of the viewing
environments. All other models, which make no adjustment for surround
change, performed better than these models.
d. Comparison to Lo, Luo, and Rhodes Results (1996)
In an article that has been submitted for publication, Lo, Luo, and
Rhodes (1996) describe the results of psychophysical experiments to compare
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color-appearance models for changes in white point chromaticities between a
CRT and a printed image. The viewing conditions used in their experiments
were equivalent to experiments A, B, 1, and 2 in Table 5-1. A memory
matching viewing technique was employed to display six scenes to observers
who made paired-comparison judgments on the color appearance models.
Nine observers performed this experiment for the given conditions. Derived
interval scale values for these experiments are given in Table 5-V. Lo's
experiments 5 and 6 correspond respectively to viewing the pair of
reproductions simultaneously or toggling between them. The 9 observers
viewed each pair of model reproductions in experiment 6 twice giving a total
of 18 observations per pair. The results reported in Lo's paper were calculated
by summing over the columns of the z-score matrices, whereas the results in
this thesis were found by averaging. Therefore the data shown in Table 5-V
have been normalized by dividing by 7, the number of reproductions in each
experiment. The error bars were calculated for these normalized data using
eq. 5-1. The interval scale values for the various images were averaged to give
the average model performance shown in Table 5-V. This differs from the
technique used by Lo et al. in which the data from all images were combined
into one proportion matrix and the interval scale values were calculated from
that matrix. The difference between these methods of calculating the average
model performance is negligible. Two models, CIELUV and BFD, were
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included in Lo's research but not in the present work. When these models
were removed from the results, the average of the interval scale values was
no longer zero. In Table 5-V, the data were shifted such that the mean of the
scale values was zero. (If the raw proportion matrices for this research were
available, it would have been more suitable to recalculate the interval scales
as if these models had never been included in the experiment. Again,
however, the difference is negligible.)
Table 5-V. Results of psychophysical experiments by Lo et al. In experiment 6,
each observer compared every pair twice. Experiments 5 and 6 had the same
viewing conditions, but in experiment 5, image pairs were displayed
side-by-
side instead of toggled like the other experiments.






3 A D50 -> D65 9 0.189 -0.147 0.081 -0.168 0.193 0.041
7 B A -> D65 9 0.189 -0.037 -0.036 -0.088 -0.256 0.417
5 1 D50 -> 9300 9 0.189 0.289 0.135 -0.696 0.071 0.200
6 1 D50 -> 9300 18 0.133 0.088 0.112 -0.310 0.058 0.051
4 2 D65 -> 9300 9 0.189 0.047 -0.012 -0.427 0.291 0.101
Plots are given in Appendix N that show the results for the particular images.
To compare whether the results described in this thesis agree with those of Lo















BRAUN Interval Scale Values
Fig. 5-7. Interval scale values for Braun's experiments A, B, 1, and 2 compared to
Lo's experiments 3, 7, 6, and 4 respectively.
These experiments yielded different results and conclusions. There are
several reasons why this might be the case. First, Lo's experiment included
only nine observers, quite low for a paired comparison experiment. To
determine the magnitude of this effect, the results of the first nine observers
for experiment 2 (in alphabetical order by first initial) were compared to the
results of observers 10-18. When the results were plotted for four images, as
in Fig. 5-8(a), the coefficient of determination, r2, was 0.625. (The Fruit image
could not be included since no observer in one of the groups selected Hunt's
model for this image.) While the trendline had a slope near 1.0, there was not
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perfect agreement between the two groups. When the results were averaged
over the images the agreement was higher, as shown in Fig. 5-8(b), with an
r2
value of 0.907. The results for each group of nine observers were
compared to
the results for all 24 observers in Fig. 5-8(c). The coefficients of determination
were 0.844 for group 1 (observers 1
-
9) and 0.811 for group 2 (observers 10-18).
This demonstrates the approximate amount of discrepency between this
thesis research and Lo's results that can be attributed to the difference in the
number of observers.
(a)






































Fig. 5-8. Two groups of 9 observers (a) for four images and (b) for the average
model performance; (c) 24 observers compared to first nine observers.
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It is probable that for a different set of nine observers in the Lo study the
resulting interval scales would have been different.
Another possible difference between the two sets of experiments could be
model implementation. Both Hunt's and Nayatani's models include various
parameters that may be optimized. In this thesis, default values were used in
both models. It is interesting that Nayatani's model produced relatively
favorable results for changes in white point chromaticity, as shown in Table
5-V, considering the strong Helson-Judd effect perceived in the current
research. Lo's experiments included images produced using the CIELUV color
space, which always produced reproductions that were much worse than
other models. This may have had the effect of decreasing the apparent
differences between the other images. When observers in a psychophysics
experiment are shown images that are all very close, they are likely to spend
more time and effort looking for small differences between the images, to
avoid random guessing on every pair. Conversely, when there are some
images that are considerably worse than others, observers are more
comfortable guessing on the closer pairs. This effect may account for the fact
that Nayatani's model produced results comparable to other models.
Another difference was the imaging chain; that is, Lo et al. used a printer
characterization while a scanner characterization was used in this thesis. The
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colorimetric errors that occurred as a result of these characterizations may
have had different effects on the final model reproductions. Other differences
which probably had small effects on the experimental results were: the choice
of scenes (image dependency is discussed below); the fact that Lo adjusted the
gray background chromaticities and luminance using the models while in the
present work, the gray background remained constant for the various models;
and that Lo's model reproductions included 0-3% out-of-gamut pixels
whereas images in this thesis were adjusted such that no pixels were out of
gamut. The difference between these two experiments is disturbing and it is
hoped that there might be future collaboration to eliminate effects of viewing
condition or model implementation differences.
e. Chi-Squared Test for Goodness of Fit
Once the interval scale values were calculated, it was possible to reverse
the procedure to obtain derived proportions, p.', from the scale values.
Mosteller (1951) explains a metric for goodness of fit of the derived













The null hypothesis was that the derived and observed proportions were not
statistically different. If the test statistic, co, was greater than the critical value,
X a v, then the null hypothesis was rejected, indicating that one or more of the
assumptions of the model may have been incorrect, v was the degrees of




test was used to test the assumption that the psychophysical data
arose from a normal distribution. This test measured the goodness of fit of
proportions estimated from the scale values to the observed proportions.
Table 5-VI shows which experiments passed the
x2
test at a 95% confidence
level. Also indicated are images for which the proportion matrix contained




test results. /indicates rejection of the null hypothesis, u
indicates images for which proportion matrices contained unanimity, x
indicates images forwhich scale values were not obtained.
Exp. Barn Butterfly Fruit Golfer Sofa
1 PASS u/f u/f u/f PASS
2 PASS PASS PASS PASS PASS
3 PASS PASS PASS PASS PASS
4 PASS PASS u/f u/PASS PASS
5 f f u/f PASS f
6 PASS PASS PASS PASS PASS
7 PASS PASS X u/f u/f
8 u/f PASS u/PASS X u/PASS
9 PASS PASS PASS PASS u/f
10 PASS PASS PASS PASS PASS
Exp. Infographic Landscape Smokies motorcycles uchart
A PASS PASS u/PASS PASS u/f
B PASS u/f u/f u/PASS PASS
When the observed proportion matrices contained values of zeros and ones,
it was not possible to derive a proportion equal to one or zero from the
estimated z-score matrix. These estimated proportions in the matrix caused
the x2-test statistic to be disproportionately large. For all but one experiment,
only images for which proportion matrices contained these unanimous
decisions did not pass the
x2
test. In experiment 5, which contained the largest
difference between the viewing conditions, four of the five images did not
pass this test. Three of the proportion matrices did not have the problem of
unanimity. Mosteller states: "The alternative hypothesis is quite general:
merely that the null hypothesis is not
correct."
He gives two reasons why this
may occur. The first he calls "unidimensionality", or the failure of additivity.
The null hypothesis assumes that if x is the distance between models a and b,
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and y is the distance between models b and c, then x+y should be the distance
between models a and c. If this does not hold, then the
x2
test is likely to fail.
The second reason for rejection of the null hypothesis could be that the
standard deviations of the stimuli were not equal. It was assumed that they
were equal in the calculation of the scale values and, if they were not, trying
to reproduce the proportions from the scale values would not be possible. The
number of cases passing the
x2
test would increase by including more
observers to better approximate a normal distribution and by eliminating
model reproductions from the experiment that were never chosen by
observers, since these unanimous decisions in the proportion matrix could
not be accurately predicted by the estimation procedure used in this test.
Because the results from the five different scenes were averaged to
produce the final interval scale value for each model, it was more important
that the assumption of normality held for the average results. To determine
this, proportion matrices from the five images were combined to give one
proportion matrix for each experiment. The
x2
test was repeated using this
combined matrix and it was found that the null hypothesis, that the derived
proportion matrix was equal to the observed proportion matrix, was easily
accepted at a 95% confidence level for all twelve experiments. This test was
not used to eliminate any experimental results but only to indicate the
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amount of confidence in the assumptions of Thurstone's Law of
Comparative Judgements for the various experiments. Perhaps if the test
were performed during the experimental data collection, a
"fail"
might
indicate the need to obtain more observations.
2. Acceptability
Observers rated each model reproduction based on how well it matched
the original, describing the match as either excellent, good, just acceptable,
just unacceptable, poor, or terrible. These categories were not assumed to be
linearly spaced. However, when the results of the average categorical scale
values for the given model reproductions were compared to their interval
scale values determined from the paired-comparison experiment, the
relationship was relatively linear. Figure 5-9 shows each model's category and
interval scale value for all experiments in Table 5-1, except experiments A and























- 1 0 1
Paired Comparison Interval Scale
Fig. 5-9. Comparison of interval scale results obtained using paired-comparison
technique and category scaling where 1 is excellent and 6 is terrible. This figure
includes data from psychophysical experiments shown in Table 5-1.




and the equation of
this line is given in eq. 5-3.
(Category Value) = -1.49 (Interval Value) + 2.66 (5-3)
The category
"good"
corresponded to an interval scale value of approximately
0.45,
"acceptable"
was about -0.23, and
"unacceptable"
corresponded to -0.90.
The results depended on the particular experiment. For example, the paired
comparison technique (with positive and negative scale values always
summing to zero for the five models) might have resulted in the same
interval scale for two sets of viewing conditions, although one had all
acceptable reproductions and the other had all unacceptable reproductions.
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Figure 5-9 only indicates the approximate correspondence of categorical
judgments with interval scale values. Table 5-VII shows the category scale
value for the five models averaged over the five scenes for all experiments.
The corresponding categories are listed in Table 5-VIII.
Table 5-VII. Average category for each model averaged over the ten
experiments listed in Table 5-1.
Experiment Models
Number RLAB Hunt CIELAB Nayatani von Kries
2 2.04 4.59 2.11 2.15 2.25
3 2.14 4.77 2.14 2.03 2.20
4 4.13 3.01 2.14 2.03 2.33
5 2.86 3.36 2.08 2.20 2.09
6 2.37 2.55 2.31 2.89 2.29
7 2.12 2.26 2.31 3.42 2.13
8 1.97 2.88 2.63 3.88 2.14
9 2.46 3.96 2.56 2.62 3.09
10 2.11 3.74 2.29 2.38 2.70
11 2.17 3.32 2.55 4.09 2.33
Average 2.44 3.44 2.31 2.77 2.35
Table 5-VIII. Average category for each model averaged over the ten
experiments listed in Table 5-1.
Experiment Models
Number RLAB Hunt CIELAB Nayatani von Kries
2 good poor good good good
3 good poor good good good
4 unacceptable acceptable good good good
5 acceptable acceptable good good good
6 good acceptable good acceptable good
7 good good good acceptable good
8 good acceptable acceptable unacceptable good
9 good unacceptable acceptable acceptable acceptable
10 good unacceptable good good acceptable
11 good acceptable acceptable unacceptable good
Average good acceptable good acceptable good
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On average RLAB, CIELAB, and von Kries were all found to produce
"good"
results, with Hunt's and Nayatani's models producing "just
reproductions. Hunt's model had the lowest category value, as
shown in
Table 5-VII, because for the background and surround experiments it




Initially the goal of the memory experiment was to determine whether
observers were able to accurately remember the colors in the original image,
with the intention of removing observers who could not. However, when
the results for all observers were considered, an interesting trend emerged.
Observers tended to remember the original image as slightly more chromatic





values for the images used in the memory
experiment are shown in Figure 5-10. Most reproductions varied in chroma
and these images were compared to the proportion of observers who selected
the correct image from the pair. Six images were eliminated from this
analysis because they included changes other than chroma changes, and for
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Fig. 5-10. Average CIELAB values of scenes used in memory experiment in (a)
a*b*
plane and in (b)
L*C*
plane. The original image in each series is circled.
Most of the variation among the images was in chroma.
The number of observers who correctly identified the original image for
a given pair was counted. From this, a proportion of correct decisions was
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calculated for each of the adjusted images. If the image was indistinguishable
from the original, the proportion of correct decisions would be 0.5. If the
image was very different from the original, the proportion would be close
to
one. The proportion of correct decision was plotted versus the chroma
difference from the original to determine if there were any systematic
memory errors among observers. Figure 5-11 shows the
proportion of
observers who correctly chose the original from the pair. When only
chroma
varied between the pair of images shown to observers, it appears that
observers could not tell the difference between the original and images that






























Fig. 5-11. Proportion of observers who chose the original from a pair that
included the original and a reproduction altered from the original in chroma.
Observers tended to remember the original as slightly more chromatic than i t
was.
These findings agree with those by Uchikawa (1983) and Newhall et al. (1957)
described on p. 65 which showed that observers tended to remember colors as
more saturated than they actually are. The present study did not examine the
effect of changing the reproduction in other dimensions. The color
appearance models generally reproduce images that differ in multiple
CIELAB dimensions and in different ways depending on the color of a given
area in the image. The magnitude of the color difference between the original




units. Assuming that observers remembered the
original as being about halfway between the actual original and this more
chromatic reproduction (as shown in the example plot of Figure 5-12,) the
images were remembered incorrectly by about 2.3
AEab*
units. The
colorimetric difference between the best and worse reproductions for each
paired comparison experiment was an average of 8
AEab*
units for the Sofa
scene and 9.5
AEab*
units for the Barn scene. This memory discrepancy,
approximately one-third the magnitude of the colorimetric differences
between the images, was probably not significant in the experiments described






Fig. 5-12. Example of memory experiment results. Remembered image is
assumed to occur approximately half way between original and 50%-confused
reproduction
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It is recommended that this effect be studied in greater depth by using
originals and reproductions that vary in chroma, as well as lightness and
hue.
Also for most observers, this was their first exposure to the psychophysical
task and served as a training session. It is likely that observers became more
accurate with experience. It is recommended that, for future memory
matching experiments, observers are screened for their ability to accurately
remember colors in the context of images before beginning any experiments.
4. Scene Dependencies
Five different scenes were used in the paired comparison experiments
and the resulting interval scale values were averaged over these scenes. For
most cases the results were consistent among the images, such as experiment
2 shown in Fig. 5-13(a). Figure 5-13(b) shows an example of a viewing
condition in which the results depended heavily on image content,
experiment 1. Similar results are given for other experiments (including the
































Fig. 5-13. Image results from (a) experiment 2 and (b) experiment 1. The results
of experiment 8 were much more image dependent than those obtained in
experiment 10.
Figure 5-13(b) shows that, in experiment 1, Hunt's model performed much
better than CIELAB for the Barn scene, and much worse for the Fruit scene.
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CIELAB and Nayatani performed equally for the Sofa scene, but
CIELAB
performed significantly better for all other scenes. The results for experiment
2 shown in Fig. 5-13(a) were more typical, and it can be seen that, while the
magnitude of the differences between the model reproductions was less for
some images, the overall model performance order remained relatively
constant. The differences between the models were most pronounced for the
highly chromatic Fruit scene and least for the low chroma Sofa scene.
D. SUMMARY
In this chapter, RLAB has been shown to produce color-appearance
matches for changes in white point and media that are equal to or better than
those produced using CIELAB color space, von Kries chromatic adaptation,
and Hunt's and Nayatani's color appearance models. RLAB presents a more
complex chromatic adaptation model than either CIELAB or von Kries, as
well as including the effects of incomplete adaptation. CIELAB and von Kries
produced equally accurate matches for three of six experiments containing
white point changes. Hunt's and Nayatani's models attempt to predict
appearance for a much wider range of conditions than the other models,
including scotopic effects and bleaching effects. Both these models incorporate
the Helson-Judd effect which causes highly reflective neutral colors to take on
the appearance of the light source, and dark neutrals to take on the
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complementary color, or after-image color, of the light source (Helson 1952).
This effect appears to be over-predicted in these models causing a perceived
lack of gray balance in the reproductions. Recent evaluation of Hunt's model
using the LUTCHI database showed that the model more accurately predicted
corresponding colors for projected slides when this effect was suppressed
(Hunt 1994a).
RLAB and Hunt's model did not produce accurate matches when
surround conditions changed between the two images. The surround change
in both models is based on the work of Bartleson and Breneman (1967). The
difference between the results of those experiments and the ones reported
here is likely due to differences in the geometry of the viewing environment
between the experiments. Some results were found to be dependent on image
content, emphasizing the need for proper image selection and use of multiple
images. Differences between the results found in this research and those
found by Lo, Luo, and Rhodes (1996) were discussed. The cause of these
differences is not clear although it may be attributable to differences in model
implementation, number of observers (16-24 in this thesis, 9 in Lo's research),
or accuracy of colorimetric characterizations causing systematic errors in the
reproductions. Background effects predicted by Hunt's model apparently do
not apply to images of the size used in this thesis. It is recommended that an
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average background reflectance of 20% be used when the model is applied to
images much greater than
2
angular subtense.
Model reproductions with the highest interval scale values (according to
the paired comparison experiment) were judged by observers as
"good"
and
with the lowest value as "unacceptable". There are several possible
explanations why observers did not call the best models "excellent". First they
may have felt it was not a perfect match to the original. Second, they may
have been unwilling to trust their memory of the original over the 60-sec.
adaptation period. The ability of observers to remember the color in images
during the 60-sec. adaptation period was tested. It was found that observers
tended to remember images as slightly more chromatic than they actually
were. It is recommended that observers be screened for their ability to
remember image colors whenever memory matching is to be used to test
color appearance models. The memory experiment reported was not
exhaustive and suggests that this issue needs further study.
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VI. GENERATION OF MATCHING IMAGES ACROSS MEDIA
AND VIEWING CONDITIONS
In order to test color appearance models using magnitude estimation
or
a paired-comparison technique as discussed in Chapter V, reproductions must
be calculated based on the original image data as well as information about
the viewing conditions of the original and reproduction. Because the field of
color-appearance modeling is still maturing, the models are constantly being
modified and improved. Therefore results of a psychophysical experiment to
test color appearance models may be quickly outdated. The goal of this phase
of research was to develop a technique to generate color-appearance image
data independent of any color appearance model. Observers viewed original
printed images in one viewing condition and adjusted CRT images to match
the originals. The colorimetric data from these matching images can be used
to test current models as well as their inevitable future modifications without
need for further observations. Other new models can be tested and perhaps
derived based on these independent data.
To test the utility of such a technique, observers first adjusted images to
match originals on the same CRT with the same viewing condition. By
analyzing the colorimetric difference in the match, observers were tested for
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their ability to perform the task. The next question was whether observers
would be able to make these adjustments with the constraint of a 60-sec.
adaptation period. Observers made matches to a print original at
approximately the same white point chromaticity as the CRT. During this
session, observers were required to view the original for 60 sec. and view the
adjustment image for 60 sec. before making changes to it. Again the
colorimetric data were analyzed for accuracy. Two final sessions included a
change in white point between the two images.
To be a useful technique, the final adjusted images must be considered
accurate matches not only by the observers who created them but by others.
Therefore the adjusted images from this experiment were combined with
reproductions predicted using various color appearance models in a
paired-
comparison psychophysical experiment to investigate whether they offered
improvement over currently available transformations. A simple linear
model was hypothesized for the particular set of viewing conditions used in




Observers used Adobe Photoshop 3.0.1 to adjust images viewed on a
CRT set to the chromaticity coordinates of CIE Illuminant D65 to match
original images under the conditions shown in Table 6-1.
Table 6-1: Viewing conditions investigated.
Exp. Original CCT White Point Lum. Adjustment White Point Lum.
# Media (K) X y (cd/m2) Media X y (cd/m2)
1. CRT 6500 0.3126 0.3287 41 CRT 0.3126 0.3287 41
2. Booth 6500 0.3178 0.3106 41 CRT 0.3126 0.3287 41
3. Booth 9300 0.2886 0.2808 41 CRT 0.3126 0.3287 41
4. Booth 3000 0.4164 0.3659 41 CRT 0.3126 0.3287 41
In Photoshop, the center screen-mode button was pressed so that the images
were surrounded by a gray field consisting of 50% white pixels and 50% black
pixels. Also present in the
observers'
field of view were the menu bar and the
tool bar, which both contain full white and black areas. In the first
experiment, the original image that observers were trying to match was also
viewed on the CRT. The original and adjustment image were viewed
successively by using the
"Window"
menu to toggle between the two images,
such that they could never be seen at the same time. For the remaining three
experiments, original images were viewed in a light booth, with
chromaticities approximating CIE Illuminants D65 and A, and 9300K.
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All experiments were conducted in a completely darkened room, so that
only the print or CRT image occupied fields of view. A divider was
constructed from black foam core that prevented observers from viewing the
print and CRT image at the same time. It included a slider that the observers
moved to reveal the image. It also prevented stray light from either viewing
condition from falling on the other. A screen saver was used on the CRT to
further ensure that no stray light fell on the print. A diagram of the apparatus
is given in Fig. 6-1.
Fig. 6-1. Experimental set-up for observers adjusting images to match originals.
The shutter was moved to reveal the image of interest.
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Observers sat approximately 35 in. from the printed original images and the
CRT screen in all techniques. This was chosen to be a comfortable and realistic











2. Generation of Adjusted Images
Two digital color scenes containing pictorial information were used in
the adjustment experiment, the Fruit and Golfer scenes shown in Appendix
A. Original images were printed using a Fujix Pictrography 3000, a
continuous-tone digital printer capable of printing from 133 dpi to 400 dpi.
For this experiment originals were printed at 200 dpi. The digital images were







images included a thin white border that was adjusted and
modeled as part of the image. The prints were mounted on spectrally non
selective gray cardboard with a luminance level approximately equal to the
gray background on the CRT. A black foam-core aperture was placed in front
of the light booth such that the angular subtense of the original print matched
that of the Apple Monitor. The printed images were digitized before
mounting using a
Howtek D4000 drum scanner at the resolution of the CRT,
72 dpi, to provide RGB data for preparing the CRT images. The scanner was
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colorimetrically characterized before producing the CRT images, so that
scanner RGB tristimulus values could be accurately converted to CIE XYZ
tristimulus values for the various spectral power distributions used in the
light booth. The scanner characterization technique, developed by Berns and
Shyu (1995), is described in Appendix G. Using the results of this scanner
characterization, the image RGB data were converted to CIE XYZ tristimulus
data.
Printed original images were illuminated and viewed using fluorescent
tubes in a Soft-View Transparency/Print Viewer light booth (made by Graphic
Technology, Inc., model SOFV-1.) Sources used in this experiment were
measured with the Photo Research Spectra
Scan
PR-650 spectroradiometer,
and were found to have the spectral power distributions shown in Fig. 6-2.
The bulbs included a Macbeth 6500 bulb, a
Graphlite
D5000 Color Viewing
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Fig. 6-2. Sources under which original image was viewed for experiments 2, 3,
and 4. CRT image was adjusted to match original. These spectral power
distributions were measured from a Halon sample.
Adjustment images were displayed on an Apple Multiple Scan 20 CRT
Display with white point chromaticities approximating those of CIE Standard
Illuminant D65. This CRT was controlled by a Power Macintosh 8100/110. The
CRT characterization technique of Berns, Motta, and Gorzynski (1993) was
used to allow a desired set of tristimulus values to be produced with the
appropriate digital counts on the CRT. This technique is described in
Appendix E.
Observers began with two initial images that they adjusted to match the
original image. In experiment 1, the first initial adjustment image was a
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simulation of a raw scan from the Howtek scanner, dark and reddish in
appearance. The second initial adjustment image was a simulation of an
image displayed on a different CRT than the one used in this experiment.
This second initial adjustment image was used as a starting point in the
remaining three experiments. Another initial adjustment image simulated
the image as viewed on a CRT with different properties.
3. Limitations of Photoshop
Photoshop is somewhat limited in that adjusted images are quantized to
256 levels at each adjustment step. This limitation was reduced by using
initial adjustment images that were not too different from the final adjusted
images, by using well-trained observers who did not require excessive
numbers of adjustments to make matches, and by averaging ten adjusted
images to mask quantization errors in a particular adjusted image (two
adjusted images per observer, five observers).
4. Paired-Comparison Experiment
The viewing conditions were identical to those used by the expert
observers in experiment 4. Since the software for the paired-comparison
technique was available on the Pixar system, images were displayed on the
Sony CRT described in Chapter V. Digital counts of the adjusted images on
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the Apple CRT were converted to CIE tristimulus values and then to digital
counts for the Pixar CRT, based on the colorimetric characterizations of both
CRTs. These adjusted images were compared to images generated using
various color appearance models, including RLAB, Hunt's model, CIELAB,
and von Kries chromatic adaptation. One difficulty of using the white border
of the print as the white point for the viewing condition of the original image
was that tristimulus values of the image pixels were calculated using the
measured spectrum of the light booth source off Halon. When the printed
images were scanned, the white border was converted through the scanner
characterization based on the spectral power distribution of the light source as
measured off Halon. It was found to have a Y tristimulus value of
significantly less than 100. All tristimulus data for entry into the models were
normalized such that the white border had a Y tristimulus value of 100. This
involved dividing calculated tristimulus values of every pixel in the image
by 0.728 for the conditions in experiment 4. Without this step, the border in
the CRT model reproductions looked gray.
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B. PSYCHOPHYSICS
1. Adjustment of Images
Five observers performed this adjustment experiment for the viewing
conditions given in Table 6-1. These included the author, her advisor, and
three R.I.T. students with some experience in image manipulation. Observers
completed a questionnaire outlining their experience. Results are detailed in
Table 6-II.
Table 6-II. Expert observers and relevant experiencewho adjusted CRT images
to match original images.
















Experience with PhotoShop and adjusting
images for past 3 years.
10 years of teaching and research in color
imaging; used Photoshop for 6-7 years, 2-3
times a week; amateur photographer.
4 years in color photography, 3 years in
digital imaging, used Photoshop for last 5
years for image manipulation and 2 years for
printing applications; thesis work focused on
color reproduction of artwork using digital
camera.
Photography and color management, testing
KCMS at Kodak; used Photoshop for past 5
years.
High-end scanner operator; commercial
photographer; used Photoshop for 2 years for
image modification; computer graphics
programmer.
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Observers were initially given the Farnsworth-Munsell 100-Hue Test to
evaluate their color-discrimination ability. No observer had more than 3
two-
cap inversions.
Observers were given the following instructions for experiment 1,
adjustment to a CRT original:
Instructions for CRT to CRT
View the original image on the monitor. The original contains a red X in the
upper right-hand corner. DO NOT ADJUST THE ORIGINAL.
Switch to the reproduction using the
"Windows"
menu. Adjust the reproduction
to match the original. You may use most of the controls in PhotoShop to do this,
except for the following:
Zoom Image Size
Crop Canvas Size
Eye Dropper Hand Tool
Show Info
Also, avoid spatial operations such as blurring, sharpening, etc. Do not view
both images at the same time. You may adjust both the whole image and
specific objects in the image (but adjust specific objects last.) Ignore the menu
labeled
"Recording...."
To view the original again, use
"Windows"
on the menu bar. You may switch
between the original and the reproduction as often as is necessary. In fact, you
are encouraged to look back at the original often to critique your match.
Save your reproduction frequently at various points with different names. I f
necessary you may go to
these previous versions and begin again from that
point. You may also begin from the original if you feel it is necessary.
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Instructions for the remaining experiments, involving booth to CRT matches
were as follows:
Instructions for Light Booth to CRT
View the original image in the light booth. Start the 60-sec. timer using the
left button. Study the color in this original. You must look at this image until
the timer goes off, and you may look at it longer if you want. Press
"reset"
(right
button) once, when the timer goes off.
Slide the black panel to the left so that the monitor becomes visible. Press start
on the timer. Do not begin adjustments en this reproduction until the timer goes
off. Then
"reset"
the timer. Adjust the reproduction to match the original. You
may adjust both the whole image and specific objects in the image (but adjust
specific objects last.) Do not use the "Show
Info"
window or make any spatial
operations on the image. Ignore the menu labeled
"Recording...."
To view the original again, slide the panel to the right and start the timer. You
may switch between the original and the reproduction as often as is necessary.
In fact, you are encouraged to look back at the original often to critique your
match.
Save your reproduction frequently at various points with different names. I f
necessary you may go to these previous versions and
begin again from that
point. You may also begin from the original if you feel it is
necessary.
Based on the results of a study of the time-course of chromatic adaptation by
Fairchild and Reniff (1995), observers adapted to the original printed image
for 60 sec. They viewed the CRT image for 60 sec. before making any
adjustments. They were advised to shift their focus around the scene such
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that they would not locally adapt to colors in the scene. Each observer made
adjustments for the two scenes, Fruit and Golfer. They repeated these matches
beginning with different CRT images such that each observer made two
matches to the same original. Therefore there were ten CRT image matches
for each original printed image in a given experiment.
Observers'
actions in Photoshop were recorded using a script recorder
called DayStar Digital's PhotoMatic. These scripts were examined to
determine which tools observers found most useful. This software records
the physical coordinates and actions of the observers such as screen
coordinates, mouse-clicking, and keyboard commands. It does not keep track
of the detailed Photoshop commands that the observer performs. A video
recorder was used to capture the screen as observers made their adjustments
in order to cross-reference the software scripts.
2. Paired Comparison Verification
A paired-comparison experiment was performed by 32 naive observers
to test whether the adjusted images matched the original image at least as
well as was predicted by the various color appearance models. Three-by-three
linear matrix transformations were derived to predict the adjusted images
from the original (as will be described in the Data Analysis.) Images derived
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using these matrices were also compared to the averaged adjusted images and
model reproductions. In total, seven reproductions were compared resulting
in 21 pairs for each original image. The memory technique described in
Chapters IV and V was modified, such that observers were required to look
back at the original once during each session, after having made 10 or 11 of
the 21 comparisons. Observers commented that this requirement was helpful
and improved their matching ability. The order in which pairs of
reproductions were shown was randomized within the experiment. To
further test the ability of the models and matrices to predict matches, a third
scene was introduced that was not used in the adjustment experiment. This
scene was the Barn scene shown in Appendix A. The order in which the three
scenes were shown was varied for the 32 observers. Table 6-III lists the
transformations that were performed on each of the three scenes to produce
reproductions for the paired-comparison experiment.
124
Table 6-IH. Techniques used to predict matching reproductions for the three
scenes used in the paired-comparison experiment
Reproduction Scene
Technique Fruit Golfer Barn
Adjustment X X
Fruit Matrix X X
Golfer Matrix X X
Average Matrix X X X
von Kries X X X
CIELAB X X X
RLAB X X X
Hunt X X X
Observers received the following instructions.
In the following experiment, you will view an original print image in the light
booth. Study the color information in the image, including hue, saturation,
contrast, lightness, etc. You will then view a pair of computer reproductions
that you may toggle between using the [1] and [2] keys on the keyboard.
"Which of the two computer reproductions most closely matches the original
image?"
When you have made your decision, toggle to the image you have chosen and
press the space bar. A second pair of reproductions will appear on the monitor
and you will repeat the above procedure.
Base your decisions on the accuracy of the match, NOT on your personal
preference between the reproductions. If you have and questions or are not sure
of your task, please ask me. ALSO, if you feel you have made an error (for
example, accidentally pressed the space bar,) please tell me immediately.
Observers in the paired-comparison experiment adapted to a gray card in the
light booth for 60 sec. before viewing the original printed image. They were
shown a gray field on the CRT at
a luminance level approximately equal to
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the background of the print for 60 sec. before viewing the pairs of
reproductions. Thirty-two observers performed this paired-comparison
experiment. Most were in the field of imaging science but had little
experience judging color images. The average observer age was 31.4 with a
range from 21 to 51.
C. DATA ANALYSIS
1. Observer Consistency
Results from the first adjustment experiment, where both originals and
adjustment images were viewed on the CRT, were analyzed to determine
how well observers could adjust the image to match the original. The digital
counts for the ten Fruit images were averaged on a pixel-by-pixel basis to give
an average adjusted image for the Fruit scene. This was also done for the
Golfer scene to give an average Golfer image. The image was divided into
object regions to avoid excessive weighting for large image areas of a single
color. The digital count values were averaged for each of these regions.
Seventeen object regions were used in the Fruit scene and sixteen regions in
the Golfer scene. These average digital counts were converted to tristimulus
values by applying the inverse CRT calibration model. CIELAB color
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differences between the original and adjusted images were calculated for these
regions.
2. Calculation of Matrices
As discussed in Chapter II, several color appearance models involve
linear transformations from tristimulus values of the original under the first
set of viewing conditions to the desired tristimulus values under the second
set of viewing conditions. These include von Kries adaptation, CIELAB color
space conversion, RLAB (for no change in surround), and Finlayson's spectral
sharpening model (1994a, 1994b, Drew 1994). For the Fruit and the Golfer
scene in this experiment, the 3x3 matrix was determined that best converted
tristimulus values of the original printed image to those of the average
adjusted image. Multiple linear regression was used to determine the best-
fitting matrix between the average tristimulus values of the print and
adjusted images for the various object regions. Regression was performed
using (1) just the Fruit data, (2) just the Golfer data, and (3) both sets of data.
Systat was used for this analysis. These matrices were calculated for the final
two viewing conditions listed in Table 6-1, 3000K -> 6500K and 9300K -> 6500K.
The matrices determined from these analyses were then compared to
matrices used in other linear models. The adjusted
R2
value for the fit of the
predicted matrix model was greater than 0.993 for experiment 3 and greater
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than 0.998 for experiment 4. The matrix forms of the color appearance models
are given in Chapter II by eq. 2-3 for von Kries, eq. 2-17 for CIELAB, eq. 2-24
RLAB, and eq. 2-29 for spectral sharpening. Each term in the derived matrices
was normalized by a factor, /, to account for the fact that the tristimulus
values of a given sample color were calculated relative to the Y tristimulus
value of a perfect reflecting diffuser in the light booth instead of the white
border. The / factor was calculated by dividing the calculated Y tristimulus
value of the printed border by the Y tristimulus value of the average adjusted
CRT border. /was equal to 0.728 for experiment 4 and 0.649 for experiment 3.
3. Model Performance
The tristimulus values of the adjusted image were calculated for the
object regions described above. Using the tristimulus values of the original
images for the object regions, predicted reproductions were also calculated
using various color appearance models including RLAB, Hunt's model,
Nayatani's model, von Kries chromatic adaptation, and CIELAB color space,
and the 3x3 matrices calculated for the images. The advantage of producing
color-appearance-matching images that are independent of any model or
other transformation is that new models or revisions to existing models can
be tested without any further psychophysical experimentation. In this vein,
three other models were also tested using the adjusted image data, LLAB,
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Finlayson's spectral sharpening model, and Nayatani's model. The
average
CIELAB color-difference, AEab*, was calculated between the adjusted image




were also recorded as well as the standard deviation of the
color-differences among the regions.
4. Paired Comparison Experiment
Using Thurstone's Law of Comparative Judgments (1927), the choices of
reproduction were converted to an interval scale of color reproduction quality
for the various models. This analysis technique is described in detail in
Appendix H.
D. RESULTS AND DISCUSSION
1. Observer Consistency and Ability
a. Experiment 1: CRT to CRT
The CIE L*, C*, a*, and
b*
values for the original Fruit image and the
average adjusted Fruit image are shown in Fig. 6-3. Similar results for the
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Fig. 6-3. CIE L*, a*, and
b*
for average adjusted image and original Fruit image,
















































Fig. 6-4. CIE L*, a*, and
b* for average adjusted image and original Golfer
image, both viewed on a CRT at approximately the chromaticity coordinates of
D65.
Observers were most accurate in adjusting lightness to match the original, but
still quite accurate in chroma. The average CIELAB color differences for these
















Stokes et al. (1992) demonstrated that the average perceptibility tolerance of
observers for complex pictorial images was 2.15 CIELAB color difference units,
with a range of 1.57 to 2.56 units. In that experiment, observers viewed images
sequentially with a 0.2-sec. time delay between the original and reproductions.
The color differences found in the present thesis experiment were about 3.0
color difference units. This indicates that observers would still be able to
perceive a color difference between the original and their adjusted images.
This is perhaps due to the fact that in the Stokes study, the color differences
were systematic while in the adjusted images the differences were more
random. Presumably random color difference among the pixels in two images
would be less detectable than systematic errors.
b. Experiment 2: Booth to CRT
Observers made accurate tristimulus matches between the CRT and the
printed originals viewed in the light booth under D65. These results can be
seen in Figs. 6-5 and 6-6 for the Fruit and Golfer images, respectively. The
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Fig. 6-5. CIE L*, a*, and
b*
for average adjusted image on a D65 CRT and
original Fruit image, viewed in a D65 booth.
133
100



































Fig. 6-6. CIE L*, a*, and
b*
for average adjusted image on a D65 CRT and
original Golfer image, viewed in a D65 booth.
The average CIE color differences were calculated for the various object
regions between the original printed image and the average adjusted CRT
image. The average color differences for the Fruit and Golfer images for
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experiment 2, as well as the minimum and maximum color difference are
given in Table 6-V.
Table 6-V. CIE AEab* between original images in D65 booth









The color differences were slightly higher than those given in Table 6-IV.
This increase in color difference was surprisingly small considering the added
constraint of remembering images over the 60-sec. adaptation period that was
not present in experiment 1. Also a small difference in white point
chromaticity between the two conditions is shown in Table 6-1. This may
require some color-appearance modeling to predict the match more
accurately. Experiment 2 demonstrated
observers'
ability to make matches
over the change in viewing conditions and the time delay.
2. Color Appearance Model Performance
For color appearance models that use linear transformations between
tristimulus values of the original and the adjusted image, matrices were
calculated and compared to those found for the average adjusted image. The
matrices found for experiment 4 viewing conditions are given in Table
6-VI.
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Table 6-VI.Matrices for experiment 4. AverageMatrix was found by performing








































































The Average matrix in Table 6-VI was calculated by including all object
regions from both scenes in the regression and this matrix is referred to as
AveMatrix in Figs. 6-7 through 6-9.
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Table 6-VII.Matrices for experiment 3. AverageMatrix was found by









































































It is difficult to conclude from these matrices which model was likely to
produce better color matches in the paired-comparison experiment in the
next section. The model matrices in Table 6-VI and Table 6-VII have the same
general form as the Average matrices. However, the Average matrices tend to
show stronger relationships in the off-diagonal terms than any of the model
matrices predicted. Spectral sharpening appears to predict the closest matrix to
the Average matrix for both viewing conditions, but as will be seen in the
next paragraph, this did not necessarily translate to a smaller color difference
between this model and the adjusted image.
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Figure 6-7 shows the calculated color difference between the average
adjusted image and reproductions predicted by various models for the fourth




























between average adjusted images and color appearance model
predictions for experiment 4 conditions. The first three models were not tested
in the paired-comparison experiment, whereas the second set of four models
was. The final three models used matrices calculated from the average adjusted
image data.
As expected, the models derived from the adjusted images, namely the three
matrix images, had a smaller color difference from the adjusted images than
any of the color appearance models. The image derived from the Golfer
matrix (GoMatrix) had higher color differences when applied to the Fruit
scene than the Golfer scene, and the reverse was true for the Fruit matrix
(FrMatrix). The Average matrix (AveMatrix) was a good compromise between
138
these matrices. RLAB, CIELAB, and LLAB gave color differences on the order
of 6 units, von Kries gave differences from 6 to 8 units, and spectral
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AEab* between average adjusted images and color appearance model
predictions for experiment 3 conditions. No paired comparison experiment was
performed for this set of viewing conditions. The last three models used
matrices calculated from the average adjusted image data.
Interestingly, for the viewing conditions in experiment 3, most color
appearance models performed significantly better for the Fruit image than the
Golfer image, including the Golfer matrix. Because the viewing condition
change was not as great for this experiment, most color appearance models
performed approximately equal, with color differences around 3 to 5 units for
the Fruit image and 5 to 7 units for the Golfer image. Hunt's model gave a
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difference of around 7 for the Fruit image and Nayatani's model gave
differences from 9 to 11 units. The average color differences in L*, a*, b*, Cab*,
and hue between the models and the average adjusted image are given in
Appendix I.
Results of paired-comparison experiments using the viewing condition
of experiment 4 are given in Fig. 6-9. The average adjusted image for the Fruit
scene produced a match that was as close to the original as reproductions
calculated from the matrices, RLAB, and CIELAB. Observers found the match
between the Golfer adjusted image and the original to be superior to images
produced with any other transformation. The matrix found using both
images gave good results on all scenes including the independent Barn
image. This indicates that the adjustments that observers made were not
strictly image dependent and that they were able to account for attributes of
appearance that were not accurately predicted by the color appearance models.












Fig. 6-9. Results of paired-comparison experiment using average adjusted
image, images determined from matrices, and color appearance models (Hunt,
von Kries, CIELAB, RLAB). Viewing conditions were equivalent to experiment
4 listed in Table 6-1. Error bars represent 95% confidence intervals around the
mean.
Comparing Fig. 6-9 to Fig. 6-7, CIELAB and RLAB gave approximately equal
color differences from the adjusted image for the Fruit image yet in the
paired-comparison experiment, RLAB performed significantly better.
Similarly RLAB gave equivalent results to the matrices in the
paired-
comparison experiment but was significantly worse in the
AEab*
calculations.
However, RLAB produced a smaller
ACab*
than CIELAB and approximately
equal to the matrices, which corresponds well to the above observation (see
Appendix I for AC
ab
*
results.) Figure 6-10 shows the interval scale values of
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the models from the paired-comparison experiment (as shown in Fig. 6-9)
plotted against the color difference between the models and the average
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Fig. 6-10. Color difference, AEab*, between models and average adjusted image
compared to paired-comparison interval scale value for each model.
Figure 6-10 shows that
AEab*
gives a decent approximation of the perceptual
differences between images, with an r2-value of 0.78. These perceptual
differences seem to depend on which attribute is being varied (lightness,
chroma, hue, contrast, etc.) This indicates the need for development of a
metric other than simply
AEab*
to accurately describe the perceptual difference
between two images. Perhaps a different combination of color difference in
the lightness, chroma, and hue dimensions is needed, similar to the CIE94
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color-difference formula for small color differences. If such a metric could
accurately predict the results of a psychophysical experiment such as the one
described here, then this type of adjustment data could be used to test future
modifications to color appearance models without the need for further
paired-comparison testing.
3. Scripts and Videos
Scripts were recorded for fifty of the eighty trials in the four adjustment
experiments. Table 6-VIII and Table 6-IX show the average number of times
observers selected a particular tool to adjust the CRT image. Most of the tools
listed can be used to adjust the achromatic and chromatic content of the
image. Dialog boxes for the various tools are given in Appendix J.
Table 6-VIII. Average number of times per experiment each Photoshop tool was
used by observers for all eight trials of Fruit scene (2 trials per experiment, 4
experiments).
Observer ang dxt Fg kmb mdf avg.
Adjust Color Balance 0.00 6.25 2.00 7.00 3.38 3.73
Adjust Hue/Saturation 1.83 2.50 2.40 7.25 2.75 3.35
Adjust Curves 3.50 4.00 2.60 2.25 0.38 2.55
Adjust Levels 1.50 0.00 1.60 5.50 3.13 2.35
Adjust Brightness /Contrast 0.00 5.25 1.60 1.25 1.00 1.82
Selective Color 0.00 0.00 1.00 3.25 2.50 1.35
Adjust Variations 0.00 0.25 2.60 1.25 1.88 1.20
Replace Color 0.00 0.00 0.20 0.00 0.25 0.09
Select Object 1.50 4.50 6.20 13.25 1.63 5.42
Viewed Original 37.00 37.50 32.00 45.00 37.88
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Table 6-IX. Average number of times per experiment each Photoshop tool was
used by observers for all eight trials of Golfer scene (2 trials per experiment, 4
experiments).
Observer
ang dxt Fg kmb mdf avg.
Adjust Variations 0.00 1.33 15.75 2.67 0.50 4.05
Adjust Color Balance 0.00 11.00 4.25 2.67 0.83 3.75
Adjust Hue /Saturation 3.14 2.00 2.75 4.33 3.33 3.11
AdjustCurves 4.14 4.67 4.00 1.67 0.17 2.93
Adjust Levels 1.29 0.00 5.25 2.00 1.67 2.04
Adjust Brightness/Contrast 0.00 7.00 1.25 0.67 1.00 1.98
Selective Color 0.29 0.00 3.50 0.33 1.00 1.02
Replace Color 0.00 0.33 0.00 0.33 0.00 0.13
Select Object 3.86 4.67 4.75 10.33 0.33 4.79
Viewed Original 45.00 16.00 29.50 30.17
Selective Color and Replace Color were the least popular tools, while other
choices depended on the observer and the color distortions in the initial
adjustment image. However, the order of tool choice between the two scenes
was quite similar if the bias of observer JRG in Adjust Variations is ignored.
The tools are ranked in Table 6-X by the frequency of their use.
Table 6-X. Photoshop tools thatwere most often used by observers for adjusting
images.
Tool Rank








Observers found the sliders of the first two tools in Table 6-X most useful
for changing chromatic information, while the flexibility of histogram
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reshaping (Adjust Curves, Adjust Levels) was more useful when adjusting
achromatic information. Certain effects can be achieved with various tools.
For example, a change in contrast in the image could be achieved by altering
the shape of the histogram using Adjust Levels, changing the look-up table
between initial and adjusted pixels using Adjust Curves, using the contrast
adjustment of Adjust Brightness/Contrast or using Adjust Variations.
Observer KMB most often selected specific objects in the image to adjust,
selecting over 10 objects per image on average. Consistently JRG used the
option second most frequently followed by DXT, ANG, and MDF, who used
this feature the least. In experiment 1 where both images were viewed on the




It has been shown that, using the adjustment technique
described in this
chapter, observers can produce consistent matches over the required 60-sec.
adaptation period and across a change in media. This adjustment technique
produced images that matched at least as well to printed originals as
reproductions created using color appearance models. Matrices derived using
the adjusted images also predicted matching reproductions for an
independent scene better than color appearance models. Some restrictions of
the technique are that observers must be proficient in Adobe Photoshop and
must spend about a half an hour per image to make an accurate match. The
most useful tools in Photoshop were discussed in Table 6-X. In order to derive
a new model of color-appearance, this experiment must be repeated for a wide
range of viewing conditions and image content.
The two images used in this experiment agreed reasonably well but the
addition of other images would improve the accuracy further. Also
recommended is the use of a white point that is not part of the image. The
white border in these experiments was adjusted by the appearance models as
part of the images, giving a different white point for each reproduction. In
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this case the white point was assumed to be that of the full white on the CRT
but that was not strictly true.
RLAB color appearance model consistently produced good
cross-media
matches for images. There is evidence that LLAB would also produce good
matches. The color-difference calculations agree with the results in Chapter V
that showed inaccuracies in Hunt's and Nayatani's model in producing
matches.
AEab*
alone does not seem to be optimum for quantifying visual
differences among images. A metric is needed that would correlate the results
of the adjustment experiment to results of the paired-comaprison technique
so that future model modifications could be tested with no further
psychophysical experimentation. If an accurate and complete color appearance
model were available, a AEab*-type metric could be developed that would
correlate these results. For example, Pointer has established indices based on
Hunt's model that attempt to indicate the color reproduction quality of an
original (1986). These indices, like any such indices, assume that the
underlying color appearance model is accurate.
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VII. ERRORANALYSIS
Characterization of the imaging devices introduced colorimetric errors
into the final reproductions. It is important that this error not produce
systematic differences among the reproductions that would results in biased
decisions. It is desirable that the total colorimetric error in the experiment not
exceed the colorimetric differences between color appearance model
reproductions. In the experiments described in this thesis, the printed
originals were scanned and the scanner characterization introduced error into
the calculated tristimulus values of the image. The images were then
displayed on the CRT using a monitor characterization that also introduced
error. It has also been shown in Chapter V that observers systematically
remembered the reproductions as more chromatic than the original, a further
source of experimental error. A complete error analysis would involve
propagating the magnitude and direction of these errors through the imaging
system to determine the error in the entire system. This would be quite
involved and is outside the scope of the research presented here. In lieu of a
complete noise propagation analysis, the colorimetric errors from each
experimental phase were tabulated and an approximation of the total error,










This error was compared to the colorimetric difference, AEab*models, between the
model reproduction that was found to best match the original and the worst
model reproduction in the paired-comparison experiments. The AEab*memory is
based on random memory errors as found in the adjustment technique
described in Chapter VI. The systematic memory errors discussed in Chapter
V were also compared to the total color difference among the models, but was
not included in the calculation of eq. 7-1.
A. SYSTEMATIC MEMORY ERRORS
A test of observer memory described in Chapter V showed that observers
were not accurately remember the original image. Table 7-1 shows
reproductions that were often confused with the original image. If 100% of
observers selected the original over a given reproduction, that reproduction
was easily distinguishable from the original. If 50% of observers selected the
original and 50% selected a given reproduction, then the two images were
considered to be perceptually equal distances from the original.
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Table 7-1. Images confused with original in Chapter V observermemory
experiment. Observermemory errors were approximately half the size of these
colorimetric differences.
Image name lo Avg. Max. Avg. Max. Avg. Max.
Correct AL* AL* ACab* ACab* AEab*
AEab*
Cafe_plus20con 58.3 1.03 7.33 3.39 11.44 6.58 19.79
Bikes_plusl5sat 40.9 0.37 4.07 2.29 10.79 2.61 13.04
Lake_plusl5sat 50.0 0.22 1.04 2.82 7.62 3.04 14.99
Lake_minus20blue 50.0 2.08 4.75 2.78 12.20 7.50 17.30
Parrots_plusl5sat 50.0 1.16 1.04 4.36 3.72 4.78 14.56
Window_plusl5sat 50.0 0.87 4.97 3.27 13.05 3.51 16.50
Average 0.96 3.87 3.15 9.80 4.67 16.03
The remember image occurred approximately halfway between the
original and the next chromatic reproduction, as discussed in Chapter V.
Colorimetric differences of the reproductions shown in Table 7-1 are twice as
large as the observers memory error. The errors in this table were divided by 2
and averaged before being used in the error calculation. It was assumed that
the magnitude of these memory errors was typical for other scenes and the
average memory error in comparisons with the
model colorimetric
differences in Tables 7-V through 7-VII below.
B. RANDOM COLORIMETRIC ERRORS
The error introduced by the scanner characterization depended on which
characterization technique was being employed (regression or Berns and
Shyu's 1995 technique). It also depended on the light source illuminating the
printed original, as described in Appendices D and G. The average and
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maximum characterization errors, AEab*scanner, for each viewing conditions are
listed in Table 7-II. These errors were calculated between the measured
tristimulus values, XYZ, of the color patches in the 5x5x5 test target and the
predicted tristimulus values.
Table 7-II. Howtek scanner characterization error.
Chapter Exp.# Avg. AEab* Max.
AEab*
IV A. 5.93 35.5
B. 5.32 38.0






7. and 8. 2.81 7.57
9. 2.83 7.58
10. 2.82 7.55
VI 2. 2.92 7.68
3. 2.83 7.34
4. 3.02 8.69
The average and maximum colorimetric errors, AEab*CRT, were calculated
for the CRT characterization between the measured tristimulus values of the
gray ramp and the tristimulus values predicted by the characterization model.
These are shown in Table 7-III.
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IV A, B 2/24/95 94.81 100 110.38 0.67 3.44
V 1 9/21/95 95.62 100 141.95 0.72 2.13
2 10/14/95 95.43 100 141.92 0.85 3.51
3,6 9/3/95 95.05 100 109.67 0.82 3.60
4 10/1/95 95.51 100 142.29 0.74 3.96
5 10/19/95 94.92 100 141.10 0.37 3.09
7 3/13/95 95.41 100 109.33 0.60 3.52
8 5/18/95 95.00 100 109.22 0.83 4.03
9,10 8/7/95 95.15 100 110.42 0.76 1.26
VI 4 1/30/96 95.03 100 109.12 1.07 4.64
To indicate the average error caused by inaccuracies of the memory,
results from the second adjustment technique in Chapter VI were used. Table
7-TV shows the errors found in this experiment between the original printed
image and the average adjusted reproduction on the CRT at the same
viewing condition.
Table 7-IV. CIE
AEab* between original images in D65 booth










It was assumed that the magnitude of these errors was typical for the same
combination of media and adaptation period. The average of these values,
3.60 was used in calculation of the average experimental error.
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The total experimental error for the experiments performed in this
thesis are given in Table 7-V. These are the combination of the
characterization errors and memory errors using eq. 7-1.







IV A 6.97 36.34
B 6.46 38.79










VI 4 4.76 11.37
Finally, the colorimetric difference was calculated between the model
reproduction that performed best in the paired-comparison psychophysical
experiments to the model that performed worst. These calculations were
performed on a pixel-by-pixel basis. (Results for colorimetric differences
between other pairs of models are given in Appendix O.) Because this
procedure was quite laborious, it was decided that the calculations would be
performed on two of the five scenes used in Chapter IV and V experiments,
and all three of the Chapter VI experiment. The average and maximum
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colorimetric differences for these scenes are shown in Table 7-VI through
Table 7-VIII.
Table 7-VI. Colorimetric differences between best and worst model





Landscape Scene Smokies Scene
















Table 7-VII. Colorimetric differences between best and worst model














1 RLAB Nayatani 6.99 18.04 6.34 17.91
2 RLAB Hunt 6.28 17.58 5.78 17.58
3 CIELAB Nayatani 4.92 13.09 4.22 11.81
4 RLAB Hunt 6.54 16.99 5.80 16.99
5 von Kries Nayatani 14.42 30.41 11.73 25.05
6 RLAB Nayatani 5.27 11.27 3.99 10.57
7 RLAB Hunt 15.68 50.65 11.77 26.90
8 RLAB Hunt 12.49 20.86 10.41 19.32
9 CIELAB RLAB 15.21 26.16 14.39 24.97
10 Nayatani Hunt 7.81 21.20 6.61 96.63
Table 7-VIII. Colorimetric differences between best and worstmodel












VI-4 Average Hunt 9.69 21.12 12.91 31.64 10.71 36.21
For all experiments, the total experimental error was less than the largest
difference between the model reproductions. In some cases, the model
differences were more than three times the experimental error. While
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eliminating characterization error is not possible, improving characterization
techniques would help reduce experimental error. This is demonstrated in
Table 7-II by the improvement gained from changing the scanner
characterization technique from the regression technique used in Chapter IV
to the spectral technique described by Berns and Shyu (1995) used in Chapters
V and VI.
The systematic memory errors shown in Table 7-1 were much less than
the colorimetric differences between the models. This source of error could be
reduced by screening observers for accurate color memory, by forcing
observers to look back at the original more frequently, or possibly by adjusting
the model reproductions by an amount equal but opposite to this error.
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VIII. CONCLUSIONS AND RECOMMENDATIONS
FOR FURTHER STUDY
This research examined the ability of various color appearance models to
predict matching CRT images from original printed images. The first phase,
described in Chapter IV, involved determination of the appropriate technique
for displaying images to observers in subsequent phases. Memory matching
was selected over other binocular and haploscopic techniques because
observers were fully adapted, it is a natural way to view images, and if
produced a sensitive interval scale. It was shown that observers were not
basing their decisions strictly on their preference between the reproductions.
Results of haploscopic experiments did not produce the same results as the
memory technique. Further investigation of haploscopic techniques is
required to determine whether observers are able to fully adapt and discount
the illuminant using these techniques.
In the second research phase, described in Chapter V, five color
appearance transformations were compared for their ability to produce
matching images over a variety of viewing conditions. These conditions
included changes in white point chromaticity, luminance level, background
reflectance, and surround conditions between the original print and CRT
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reproductions. RLAB was found to produce the most accurate reproductions
for all conditions except changes in surround. CIELAB and von Kries
performed as well as RLAB for several viewing conditions. Nayatani's model
never performed better than the other models. RLAB could be improved by
reducing the surround parameter in the exponent in eqs. 2-26 through 2-28.
For some viewing conditions, results were found to be dependent on image
content. All psychophysical experiments to test color appearance models
should include multiple images containing various content and colors. Also
it is recommended that both the light booth and the monitor contain a white
sample that is not adjusted by the models. In this research phase, it was found
that observers tended to remember images as containing slightly more
chroma than they actually did, and this phenomenon should be investigated
in greater detail. In using the memory technique, further research into the
exact nature of color memory of images is suggested. This research could be
used to correct systematic memory errors in psychophysical results. The color
memory of naive observers should be compared to expert observers to
determine whether expert observers more accurately remember originals.
In the final phase of research, an experimental technique was developed
for generating matching images across media and viewing condition changes.
Expert observers used Adobe
Photoshop to adjust CRT images to match
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original prints using the memory matching technique. When viewing
conditions and medium were equal, the average adjusted CRT matches was
within 3 AEab*-units from the original CRT image. When viewing conditions
were equal but matches were made across media, accuracy of the averaged
image was about 3.5 units. Reproductions created in unequal viewing
conditions were compared to color-appearance-model reproductions and
were found to match the original printed images more accurately than all
models but RLAB. Color appearance models may not have correctly predicted
the adjusted images because they may be incorrectly predicting or missing
important observer perceptual differences, such as influence of media and
cognitive effects of image content. Use of this adjustment technique to acquire
matching image data for various viewing conditions could create a new
direction for color appearance work. Empirical models based on adjusted data
may result in more accurate predictions of matching cross-media images.
Future research should include development of a metric that correlates with
color-appearance differences between images. This would allow more
accurate comparisons of the models using these adjusted images. It is
recommended that in future studies expert observers adapt to a neutral gray
field instead of adapting to the images to insure that they do not locally adapt
to the colors in the images. Also the images should contain a neutral white
sample that is not adjusted by observers.
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APPENDIX B: NAYATANI'S COLOR APPEARANCE MODEL (1995)
This appendix describes steps for calculating Nayatani's color
appearance
model. The steps correspond to those enumerated in his 1995 paper.
Inputs to the model:
xq, yo Chromaticity coordinates of test sample.
Yq % reflectance of achromatic background.
x, y, Y Colorimetric values of test sample.
Eq Adapting illuminance of test sample [lx].
Eqr Normalized illuminance of color appearance model [lx].
n Noise (usually equal to 1).
Step 1;
Y0'E0 Y0'E0R

























































x 1 x y
x := --Y z := --Y
y y
Step 7:
R := 0.40024 -X + 0.70760 -Y - 0.08081 Z
G :=
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h is determined from this table by using.
linear interpolation and the value of.




















































for 20.14 <9deg< 90.00.
for 90.00 < Gdeg
< 164.25.
for 164.25 < Gdeg
< 231.00.
for 231.00 < Gdeg
< 360.00.
for 0 < Gdeg
< 20.14
He = (h) Yellow (100
- h) Red
He = (h) Green (100
- h) Yellow
He = (h) Blue (100
- h) Green









= 100 + h,
= 200 + h,







APPENDIX C. HUNT'S COLOR APPEARANCEMODEL
(1994, 1995)
The following steps for calculation of Hunt's color appearance model
were taken from his 1991 paper, with revisions to chroma in the step 21 from
the Hunt-1994b paper. Step 20 includes revisions to the lightness scale from
Hunt-1995a; the conditional lightness equations were not used in this thesis.
x, y, Y Coloriinetric values of sample
XW' yW' ^W Colorimetric values of adapting white
x\y y\y Y^ Colorimetric values of background
XP' Yr>' ^p Colorimetric values of proximal field
SURROUND
Small areas in light surrounds = 1
Normal scenes = 2
Televisions in dim surrounds =3
Projected photos in dark surrounds =4
Arrays of adjacent colors in dark surrounds = 5






























-0.22981 1.18340 0.04641 I


























with similar equations for pp and pT




5-L a + 1 FL
:=0.2-k4-
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Aa:=2Pa + Va + 7o'Pa-305+1
Ci:=Pa-?a C2:=Ya-Pa C3:=Ba-pa r a
Step 9:








:= if(hsd< 0. hsd + 360' hsd)
Step 10:
hi = if^sd> 20.14, if(h^ < 90.00, 20.14, if (h sd< 164.25, 90.00, if (Tisd< 237.53, 164.25, 237.53V)) , 237.53)
= if (hsd> 20.14, if (h^ < 90.00, 90.00, if (h^ 164.25, 164.25, if (h sd< 237.53, 237.53, 20.14))) , 20.14)
= if (hsd> 20.14
,
if (h sd< 90.00, 0.8, if(h^ < 164.25, 0.7, ifQ\sd< 237.53, 1.0, 1.2))) , 1.2)
= ifQisd> 20.14
,
if(h sd< 90.00, 0.7, if(h^ < 164.25, 1.0, ifQisd< 237.53, 1.2, 0.8))) , 0.8)













Step 11: calculate He, hue content
Hp is the part of H after the hundreds digit
He = Hp (YeUow) 100
-
Hp (Red) for H = Hp
He = Hp (Green) 100
-
Hp (Yellow) forH = 100 + Hp
He = Hp (Blue) 100
-
Hp (Green) for H = 200 +Hp
He = Hp (Red) 100
-













































i + o.3- ;
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A:=Nbb- - 1 + As-0.3+
(l2
+ 0.32)
















z := if( SURROUND=4, 1.2, z ;
















APPENDIX D: COLORIMETRIC CHARACTERIZATION OF
DRUM SCANNER USING MULTIPLE LINEAR REGRESSION
A calibration target consisting of 125 color patches and 15 gray patches
was generated. The target consisted of a 5x5x5 block of color patches with
digital counts ranging from (0, 0, 0) to (255, 255, 255) varying in steps of about
64 in R, G, and B. The gray scale varied in CRT RGB steps of about 18 from
black (0, 0, 0) to white (255, 255, 255).
This calibration target was printed on the Kodak XLT 7720 printer and
the spectral reflectance factor of each color patch was measured with a Gretag
SPM60 spectrophotometer. The CIE XYZ tristimulus values of each patch
were calculated using these spectral reflectance factors, the CIE 1931
2
standard observer, and the spectral power distribution of each light booth
source, which was measured off a Halon sample with a PhotoResearch PR 703
spectroradiometer.
This calibration target was scanned with the Howtek D4000 drum
scanner to obtain RGB scanner values for each of the 140 patches. A 3 x 10
matrix was generated with least-squares linear regression. This matrix
characterized the relationship between scanner RGB tristimulus values and
CIE XYZ tristimulus values of the printed target patches. The matrix included
D-l
the following terms: a constant, R, G, B, R2, G2, B2, R x G, R x B, G x B. Only
the statistically significant terms were included, so all the ten terms were not
used in each of the X, Y, and Z transforms. Separate scanner models were
used for the two sources. The coefficients for these models are shown in Table
D-l. The coefficient of determination, R2, for the model fits was always greater
than 0.99. The median
AEab*
for the 5x5x5 target was 3.1 for A with a
maximum of 38.0. For D50, the median
AEab*
was 3.3 with a maximum of
35.5. This 3 x 10 matrix was used to convert scanner RGB values of the printed
originals to CIE XYZ tristimulus values for use in the appearance models.
Table D-I. Coefficients for themultiple linear regression scanner model used in
Chapter IV. Coefficients of 0 indicate terms thatwere not considered
significant in the regression.
A D50
X Y z X Y z
constant -1.2249 -2.2565 0 -1.6974 -2.7147 0.9581
R 0.7982 0.4979 0.0245 0.6556 0.3931 0.0697
G 0.2957 0.6601 0.1471 0.3799 0.7427 0.0445
B 0 -0.0371 0.9507 0.1010 0 1.0256
R2
-0.0006 -0.0008 -0.0001 -0.0008 -0.0008 -0.0003
G2
-0.0008 -0.0012 -0.0002 -0.0011 -0.0012 0.0002
B2
0.0002 0.0003 -0.0007 0 0.0002 -0.0008
RxG 0.0014 0.0020 -0.0002 0.0016 -0.0020 -0.0002
RxB -0.0002 -0.0003 0.0004 0 -0.0003 0.0007
GxB 0 0 0.0006 0 0 0
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APPENDIX E: CRT CHARACTERIZATION PROCEDURE
The CRT was characterized using the technique described by Berns,
Motta, and Gorzynski (1993). This appendix outlines the technique.
Maximum CRT white (2048, 2048, 2048) was displayed in the center of
monitor screen surrounded by medium gray with the room lights off. Using
the LMT C-1200 Colorimeter, CLE chromaticities were measured and the gain
and offset voltages of the various channels were adjusted to the desired white
point. The black was as dark as possible, while avoiding clipping. The
luminance was measured using a Minolta Chroma Meter CS100 Colorimeter
and the monitor was re-adjusted for desired maximum luminance if
necessary.
To characterize the monitor, maximum red, green, and blue, and a gray
ramp were displayed. CIE tristimulus values, XYZ, for each patch were
measured with the LMT colorimeter and recorded. The XYZ of the red, green,
and blue channels were entered into the matrix shown in eq. E-l. The inverse
matrix was also calculated.
/ max.r max.g max.b
Y Y Y
max.r max.g max.b





Radiometric scalars, RGB, for the neutral ramp were calculated using the
matrix in eq. E-l and normalized by the maximum RGB. Using nonlinear
optimization (simplex) in Systat, the gain, offset, and gamma parameters in
eqs. E-2 through E-4 for the relationship between the radiometric scalars of the
gray ramp and normalized digital counts were estimated.
gamma..
dc









B ' I gain u- offset]^ b 2048 h
(E.4)
In this thesis, the fit of the regression was always greater than 0.999. The
monitor white point, matrix (eq. E-l), inverse matrix, and gamma, gain, and
offset for each channel were entered into the directory /td/exps/calibration on
"grassmann". These parameters and the equations above were used to
convert desired CIE tristimulus values (X, Y, Z) to appropriate CRT digital
counts.
The following white points and characterization errors, AEab*, were
found for Pixar CRT used in the experiments described in Chapters V and VI.
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The characterization error was calculated between the measured and
calculated tristimulus values for the gray ramp used in the characterization.
Table E-L Characterization errors and white points for the Pixarmonitor used
in the psychophysical experiments described in Chapters V and VI.
Exp. # Date y\wrm Y*- norm ^norm
AEab*
A, B 2/24/95 94.81 100 110.38 0.67
1 9/21/95 95.62 100 141.95 0.72
2 10/14/95 95.43 100 141.92 0.85
3,6 9/3/95 95.05 100 109.67 0.82
4 10/1/95 95.51 100 142.29 0.74
5 10/19/95 94.92 100 141.10 0.37
7 3/13/95 95.41 100 109.33 0.60
8 5/18/95 95.00 100 109.22 0.83
9,10 8/7/95 95.15 100 110.42 0.79
Average 0.7095
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APPENDIX F: INTERVAL SCALE VALUES FOR VIEWING
TECHNIQUES
These tables contain the interval scale values that were used to
determine scale sensitivity and correlation between techniques in Chapter IV.
One unit on the interval scale equals V2o~.
Table F-l. Interval scale values for memory viewing technique.
RLAB Hunt 94 CIELAB Nayatani von Kries
Infographic A 0.340 0.344 0.147 -0.913 0.082
Landscape A 0.539 0.280 0.066 -0.836 -0.049
Smokies A 0.443 0.274 -0.108 -0.880 0.270
Motorcycles A 0.604 0.031 0.419 -1.255 0.200
Uchart A 0.348 -0.019 0.802 -1.280 0.149
Average A 0.455 0.182 0.265 -1.033 0.130
Infographic D50 0.425 0.185 0.351 -0.991 0.030
Landscape D50 0.244 0.103 -0.105 -0.175 -0.067
Smokies D50 0.465 0.021 0.323 -1.045 0.237
Motorcycles D50 -0.014 0.013 0.356 -0.727 0.372
Uchart D50 0.283 -0.160 0.806 -1.130 0.200
Average D50 0.281 0.032 0.346 -0.814 0.154
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Table F-2. Interval scale values for successive-binocular technique.
RLAB Hunt 94 CIELAB Nayatani von Kries
Infographic A 0.761 0.307 0.024 -1.123 0.031
Landscape A 0.547 0.332 0.004 -1.136 0.253
Smokies A 0.668 -0.075 0.093 -0.634 -0.052
Motorcycles A 0.425 0.113 0.391 -0.991 0.062
Uchart A * * * * +
Average A 0.600 0.169 0.128 -0.971 0.073
Infographic D50 0.386 0.214 0.411 -0.991 -0.021
Landscape D50 0.034 0.219 0.033 -0.391 0.105
Smokies D50 0.331 -0.211 0.345 -0.547 0.082
Motorcycles D50 -0.067 0.411 0.069 -0.445 0.032
Uchart D50 0.391 0.024 0.683 -1.050 -0.048
Average D50 0.215 0.131 0.308 -0.685 0.030
*NOTE: No observer chose Nayatani's model reproduction for the Uchart A image so the
analysis did not include this image.
Table F-3. Interval scale values for simultaneous-binocular technique.
RLAB Hunt 94 CIELAB Nayatani von Kries
Infographic A 0.209 -0.072 -0.033 -0.206 0.103
Landscape A -0.135 -0.071 0.171 0.240 -0.204
Smokies A 0.516 -0.581 1.169 -0.533 -0.571
Motorcycles A 0.211 -0.078 0.438 -0.430 -0.141
Uchart A -0.761 -0.211 -0.098 0.464 0.605
Average A 0.008 -0.203 0.329 -0.093 -0.042
Infographic D50 0.391 0.390 -0.308 -0.204 -0.269
Landscape D50 0.105 0.103 0.137 -0.137 -0.208
Smokies D50 0.889 -0.575 0.510 -0.665 -0.158
Motorcycles D50 0.438 0.007 0.059 -0.317 -0.187
Uchart D50 0.494 -0.216 0.493 -0.869 0.098
Average D50 0.463 -0.058 0.178 -0.438 -0.145
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Table F-4. Interval scale values for simultaneous-haploscopic technique.
RLAB Hunt 94 CIELAB Nayatani von Kries
Infographic A 0.312 0.107 0.007 -0.498 0.072
Landscape A 0.312 0.141 -0.317 -0.137 0.000
Smokies A 0.477 -0.044 0.006 -0.524 0.085
Motorcycles A 0.254 0.000 0.386 -0.386 -0.254
Uchart A 0.277 -0.005 0.679 -1.201 0.250
Average A 0.326 0.040 0.152 -0.549 0.031
Infographic D50 0.484 0.239 -0.019 -0.835 0.132
Landscape D50 0.211 0.434 -0.293 -0.074 -0.278
Smokies D50 0.558 0.121 -0.358 -0.736 0.414
Motorcycles D50 0.175 -0.101 0.101 -0.484 0.308
Uchart D50 0.559 -0.382 1.090 -1.269 0.003
Average D50 0.397 0.062 0.104 -0.680 0.116
Table F-5. Interval scale values for successive-Ganz/e/d haploscopic technique.
RLAB Hunt 94 CIELAB Nayatani von Kries
Infographic A 0.383 -0.002 -0.069 -0.386 0.074
Landscape A 0.424 -0.118 -0.033 0.033 -0.306
Smokies A 0.761 0.317 -0.367 -0.873 0.162
Motorcycles A 0.605 -0.128 0.383 -0.723 -0.137
Uchart A 0.390 0.132 0.644 -1.045 -0.121
Average A 0.513 0.040 0.111 -0.599 -0.066
Infographic D50 0.520 0.608 0.011 -1.490 0.352
Landscape D50 0.182 0.356 0.000 -0.434 -0.103
Smokies D50 0.571 0.200 -0.337 -0.893 0.459
Motorcycles D50 0.478 -0.129 0.171 -0.473 -0.047
Uchart D50 0.576 -0.025 0.836 -1.526 0.139
Average D50 0.465 0.202 0.136 -0.963 0.160
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APPENDIX G: COLORIMETRIC CHARACTERIZATION OF
DRUM SCANNER USING SPECTRAL MODEL
The scanner characterization technique of Berns and Shyu (1995) was
used to determine tristimulus values of a given set of scanner digital counts.
A calibration target consisting of 125 color patches and 15 gray
patches was
generated. The target consisted of a 5x5x5 block of color patches with digital
counts ranging from (0, 0, 0) to (255, 255, 255) varying in steps of about
64 in R,
G, and B. The gray scale varied in CRT RGB steps of about 18 from
black (0, 0,
0) to white (255, 255, 255).
This calibration target was printed on the Fujix Pictrography printer and
the spectral reflectance factor of each color patch was measured with a Gretag
SPM60 spectrophotometer. The base reflectance, Rg(A,), was determined using
the maximum reflectance for each wavelength. The spectral absorptance of
the three dyes for the z'th color was obtained using eq. G-l.
KiX) = In [R&)/ RS(X)] / -2.0 (G-l)
The spectral absorptance for each patch is given by eq. G-2
K{(X) = ck kc(X) + Cim kjk) + ciy ky(X) (G-2)
G-l
imf
The concentrations of the cyan, magenta, and yellow dyes are given by ck, c
and
ciy and the unit spectral absorptivities by kc(X), kJX), and ky(X),
respectively. Principal component analysis was performed on the spectral
absorptance data to determine the global eigenvectors of the target. These
were rotated using a linear transformation to the maximum cyan, magenta,
and yellow patch absorptivities, to approximate the spectral characteristics of
the dyes for this printer. The rotated eigenvectors for the Fujix Pictrography
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Figure 1. Rotated eigenvectors for Fujix Pictrography. Also shown are the
absorptance curves for themaximum cyan, yellow, and magenta patches on the
test target.
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A C program was used to find a tristimulus match for each color patch
under CIE Illuminant D50 given these eigenvectors. This program calculated
the amount of each eigenvector that was needed to reproduce each patch in
the target, equivalent to the concentration of the three dyes dye in that patch.
The CIE color difference
AEab*
was calculated between the illuminant for
which the concentrations were computed and CIE Illuminants A and F7 as an
index of metamerism. The average
AEab*
for the target viewed under CIE
Illuminant F7 was 4.26x1
0"5
and under CIE Illuminant A was 0.467.
The target was scanned to obtain digital count values for each patch in
the target. These digital counts were converted to RGB scalars using eqs. G-3
through G-5.
R = -In (dcr / (28-l)) (G-3)
G = -In (dcg / (28-l)) (G-4)
B = -In (dcb / (28-l)) (G-5)
A linearization of the digital counts was performed using linear regression.
Concentrations of the neutral patches were the dependent variables, and kR,
R, R2, ..., R5, kc, G, G2, ..., G5, kB, B, B2, ...,
B5
were the independent variables.
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For this analysis, only terms up to the second power were found to be
significant. The resulting equations are given in eqs. G-6 through G-8.
Dr = -0.342 + 1.573 R (G-6)
Dg
= -0.192 + 1.186 G + -0.024
G2
(G-7)
Db = -0.103 + 0.806 B + 0.017
B2
(G-8)
These formulas obtained from this regression were then used to convert
digital counts into transformed digital readings, Dr, D , Db. Finally, stepwise
regression was performed between the predicted cyan, magenta, and yellow
concentrations (dependent) and the transformed digital readings and cross
terms including Dr, Dg, Db, Dr x Dg, Dr x Dh, Dg x Db, D2, D2, D2, DrxDgx Db, and
a constant. The predicted values used in this thesis are given in Table G-I.
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Table G-I. Results of stepwise regression for 3 x 11 model used in
Chapters V and VI.
Equation term Coefficients for Coefficients for Coefficients for
predicted cyan predicted predicted
concentration magenta yellow
concentration concentration
constant 0.082 0.006 0.014
Dr 1.258 -0.230 -0.109
Dg -0.442 1.479 -0.417
Db Not significant -0.303 1.945
DrxDg -0.062 Not significant 0.003
DrxDb 0.006 -0.005 -0.007
DgxDb Not significant 0.008 -0.014
Dr xDg x Db Not significant Not significant Not significant
DrxDr 0.020 0.004 Not significant
DgxDg 0.044 0.011 Not significant
DbxDb Not significant 0.017 -0.044
The predicted concentrations from this analysis were used to reconstruct the
spectral reflectances of the patches in the test target. Tristimulus values were
calculated using the reflectances and the spectral power distribution of the
source under which the print was to be viewed. The average
AEab*
between
the measured tristimulus values of the 5x5x5 target patches and those
calculated using this scanner model depended on the source used in the
experiments. The average
AEab*
for the target viewed under D50 was 2.960
with a maximum of 7.778. Under D65, the average
AEab*
was 2.821 with a
maximum value of 7.580. In the Chapter VI adjustment experiments, the
spectral power distribution of experiment 2 resembled that of D50 and the
spectral power distribution of experiment 3 resembled D65. These
experiments are included in the above averages. The white points of these
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sources (closer to D65 and 9300K respectively) were measured from the
"white"
border of the images which was not achromatic. The A source used
in experiment 4 resulted in an average
AEab*
between predicted and measured
values of 3.021 and a maximum color difference of 8.690.
Images for Chapter V and VI experiments were scanned to obtain digital
count values at every point in the image. The reflectances
of scanned digital
counts were calculated using the various coefficients
derived from the above
analysis. Using these reflectances and the spectral power distributions of
the
sources, CIE tristimulus values, XYZ, were calculated for entry into the
various color-appearance models.
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APPENDIX H: ANALYSIS OF PAIRED COMPARISON DATA
This appendix describes the technique used to convert paired-
comparison decisions to interval scales of model goodness. It is based on a
technique described by Torgerson (1967).
Example for Complete Matrices
Step 1: The number of observers selecting the model shown in the column as
a better reproduction of the original than the model in the row was tabulated.
In this example, 22 observers thought that the reproduction created using
Hunt's model was closer to the original than the reproduction creating using
RLAB. Corresponding matrix cells across the diagonal add to the total number
of observers for the pair.
Table H-l. Number of observers choosing column model over rowmodel.
RLAB Hunt CIELAB Nayatani v. Kries
22 21 21 22
0 15 17 18
9 0 11 9
7 13 0 8
6 15 16 0
Step 2: This matrix was converted to a proportion matrix by dividing by the
total number of observers viewing a given pair, in this case 24. Across the







Table H-2. Proportion of observers choosing columnmodel over row model.
RLAB Hunt CIELAB Nayatani v. Kries
RLAB 0.5 0.917 0.875 0.875 0.917
Hunt 0.083 0.5 0.625 0.708 0.75
CIELAB 0.125 0.375 0.5 0.458 0.375
Nayatani 0.125 0.292 0.542 0.5 0.333
v. Kries 0.083 0.25 0.625 0.667 0.5
Step 3: Proportions were converted to z-scores usine a cumulative n
distribution. Cells across the diagonal add to 0. Columns of this matrix were
averaged resulting in the interval scale value for the model corresponding to
that column.
Table H-3. Z-score values calculated from proportion matrix.
RLAB Hunt CIELAB Nayatani v. Kries
RLAB 0 1.383 1.150 1.150 1.383
Hunt -1.383 0 0.319 0.549 0.674
CIELAB -1.150 -0.319 0 -0.105 -0.319
Nayatani -1.150 -0.549 0.105 0 -0.431
v. Kries -1.383 -0.674 0.319 0.431 0
Interval Scale -1.013 -0.0317 0.378 0.405 0.262
Example for Incomplete Matrices
This technique was modified when cells of the proportion matrix were
equal to zero and one (indicating that all observers chose one model over
another.) The technique of Torgerson for dealing with these so-called
"incomplete
matrices"
was employed in this thesis and is described below.
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Step 1: The number of observers selecting the model shown in the column as
a better reproduction of the original than the model in the row was tabulated
as described above.







lunt CIELAB Nayatani v. Kries
24 23 23 23
0 18 17 19
6 0 9 9
7 15 0 8
5 15 16 0
Step 2: This matrix was converted to a proportion matrix by dividing by the
total number of observers viewing a given pair, in this case 24. The columns
are averaged.
Table H-5. Proportion of observers choosing column model over row model.
RLAB Hunt CIELAB Nayatani v. Kries
RLAB 0.5 1 0.958 0.958 0.958
Hunt 0 0.5 0.75 0.708 0.792
CIELAB 0.042 0.25 0.5 0.375 0.375
Nayatani 0.042 0.292 0.625 0.5 0.333
v. Kries 0.042 0.208 0.625 0.667 0.5
Average 0.125 045 0.692 0.642 0.592
Step 3: The proportion matrix columns are sorted by increasing column
average.
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Table H-6. Proportionmatrix sorted by increasing column average.
RLAB Hunt v. Kries Nayatani CIELAB
RLAB 0.5 1 0.958 0.958 0.958
Hunt 0 0.5 0.792 0.708 0.75
CIELAB 0.042 0.25 0.375 0.375 0.5
Nayatani 0.042 0.292 0.333 0.5 0.625
v. Kries 0.042 0.208 0.5 0.667 0.625
Average 0.125 045 0.592 0.642 0.692
Step 4: Proportions were converted to z-scores using a cumulative normal
distribution. When the proportion was 0 or 1 (thus giving an infinite z-score
value), the cell was left blank.
Table H-7. Z-score values calculated from proportion matrix.
~~
RLAB Hunt v. Kries Nayatani CIELAB
RLAB 0 1.732 1.732 1.732
Hunt 0 0.812 0.549 0.674
CIELAB -1.732 -0.674 -0.319 -0.319 0
Nayatani -1.732 -0.549 -0.431 0 0.319
v. Kries -1.732 -0.812 0 0.431 0.319
Step 5: Adjacent cells were subtracted to give a matrix corresponding to the
differences between the models. For blank cells in Table H-7, no difference
was calculated.
Table H-8. Difference between adjacent column cells.
Hu-RLAB vK-Hunt Nay-vK LAB-Nay
RLAB 0 0
Hunt 0.812 -0.264 0.126
CIELAB 1.057 0.356 0 0.319
Nayatani 1.183 0.118 0.431 0.319
v. Kries 0.919 0.812 0.431 -0.112
Average 1.053 0.525 0.120 0.130
Step 6: Interval scale values were calculated by arbitrarily assigning a value of
0 to the lowest model, then sequentially adding the difference found in Table
H-4
H-8 to the next model. The average scale value was calculated and added to
each scale value such that the mean of the scale equalled zero.
Table H-9. Interval scale value for the models.

















APPENDIX I: COLOR DIFFERENCES FOR CHAPTER VI
EXPERIMENTS 3 AND 4
This appendix includes the average color difference between the average
adjusted images and those reproductions calculated using the appearance
models.
A. FRUIT IMAGE, EXPERIMENT 3
Average Matrix (Fruit, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 0.97 -1.08 -3.15 -1.91 -3.93 -2.86
Maximum 6.04 5.53 2.19 3.99 2.62 1.39
Average 2.39 0.80 -0.20 0.54 -0.39 -0.39
Std. Dev. 1.43 1.61 1.38 1.62 1.75 1.22
RMS 2.77 1.75 1.35 1.66 1.74 1.25
Fruit Matrix (Fruit, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 0.53 -1.94 -3.38 -1.11 -2.69 -1.76
Maximum 5.24 4.04 2.08 2.80 2.17 2.95
Average 2.09 0.28 0.26 0.71 -0.27 0.11
Std. Dev. 1.23 1.42 1.40 1.21 1.39 1.42
RMS 2.40 1.40 1.39 1.37 1.37 1.39
Go![fer Matrix (Fruit, Exp. 3)
AEab* AL* Aa* Ab* AC* AH
Minimum 0.62 -1.18 -3.42 -5.49 -4.18 -5.96
Maximum 6.56 6.19 2.51 4.24 3.29 2.85
Average 3.53 1.26 -0.73 -0.17 -0.67 -0.68
Std. Dev. 1.73 1.82 1.68 2.80 2.30 2.23
RMS 3.91 2.17 1.78 2.72 2.33 2.27
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RLAB (Fruit, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 1.06 -1.23 -6.47 -0.07 -4.37 -7.14
Maximum 8.39 5.26 7.62 5.72 6.17 3.42
Average 4.27 0.66 1.62 2.39 1.53 -1.20
Std. Dev. 2.26 1.60 3.19 1.56 3.02 2.88
RMS 4.80 1.69 3.49 2.82 3.30 3.04
von Kries (Fruit, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 1.12 -1.46 -6.96 -1.04 -4.27 -7.53
Maximum 8.27 5.06 5.13 4.77 3.78 3.39
Average 3.26 0.43 -0.44 1.25 0.35 -0.09
Std. Dev. 2.07 1.62 2.85 1.66 2.31 2.69
RMS 3.83 1.63 2.80 2.04 2.27 2.62
CIELAB (Fruit, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 2.20 -1.46 -7.53 -1.04 -4.45 0.02
Maximum 7.69 5.06 0.02 4.75 2.20 7.33
Average 4.65 0.43 -3.62 1.24 -0.58 3.48
Std. Dev. 1.72 1.62 2.19 1.66 2.20 2.25
RMS 4.94 1.63 4.20 2.03 2.21 4.11
Hunt (Fruit, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 3.14 -3.61 -11.48 -6.77 -4.35 -4.16
Maximum 13.33 4.99 -2.68 7.07 7.79 11.00
Average 7.27 1.00 -5.77 -0.59 0.89 4.95
Std. Dev. 2.93 2.33 2.46 4.05 3.62 4.26
RMS 7.80 2.48 6.25 3.97 3.63 6.45
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Spectral Sharpening (Fruit, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 1.38 -1.47 -5.28 -1.03 -4.25 -5.41
Maximum 6.65 5.03 3.69 4.69 3.62 3.37
Average 3.19 0.43 -1.17 1.16 0.17 0.79
Std. Dev. 1.65 1.57 2.29 1.66 2.22 2.30
RMS 3.57 1.59 2.51 1.99 2.16 2.36
LLAB (Fruit, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 1.78 -1.34 -5.30 -0.46 -4.24 -3.99
Maximum 5.86 5.01 2.76 5.53 3.44 4.44
Average 3.57 0.58 -1.64 1.73 0.72 1.48
Std. Dev. 1.36 1.53 2.07 1.54 2.30 2.13
RMS 3.81 1.59 2.59 2.29 2.35 2.54
Nayatani (Fruit, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 4.35 -2.63 -9.11 -19.27 -10.96 -8.65
Maximum 20.20 5.53 2.97 -0.53 14.35 18.15
Average 11.36 1.66 -5.04 -8.97 -1.98 4.19
Std. Dev. 4.70 2.25 3.03 5.43 8.58 7.39
RMS 12.24 2.75 5.83 10.40 8.56 8.30
B. GOLFER IMAGE, EXPERIMENT 3
Average Matrix (Golfer, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 1.34 -2.84 -3.81 -9.66 -5.56 -5.60
Maximum 13.99 4.70 10.09 6.79 5.35 13.60
Average 4.88 0.50 0.71 2.13 0.14 1.22
Std. Dev. 3.28 2.27 2.88 4.14 2.85 4.59
RMS 5.82 2.25 2.88 4.54 2.77 4.61
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Fruit Matrix (Golfer, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 2.87 -5.26 -5.54 -10.18 -4.72 -5.72
Maximum 15.54 4.12 11.62 7.37 4.38 15.03
Average 6.00 -0.58 1.57 2.53 0.57 2.16
Std. Dev. 3.09 2.91 3.38 4.27 2.90 5.04
RMS 6.70 2.88 3.63 4.84 2.87 5.33
GolferMatrix (Golfer, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 0.98 -1.95 -1.73 -8.88 -5.35 -5.75
Maximum 12.96 5.00 9.23 7.56 6.74 12.38
Average 4.57 1.03 0.30 1.50 -0.03 0.61
Std. Dev. 3.42 2.04 2.52 4.45 2.91 4.45
RMS 5.64 2.23 2.46 4.56 2.82 4.35
RLAB (Golfer, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 2.11 -3.13 -4.22 -8.67 -8.48 -6.98
Maximum 10.44 4.64 7.08 8.26 6.26 10.39
Average 6.83 0.34 1.24 4.27 1.39 0.88
Std. Dev. 2.23 2.54 3.09 4.18 4.01 5.40
RMS 7.16 2.49 3.24 5.88 4.12 5.30
voni Kries (Golfer, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 2.85 -3.42 -5.65 -10.01 -7.28 -6.18
Maximum 10.89 4.49 4.57 7.51 4.35 10.85
Average 6.00 0.11 -0.66 3.05 0.55 0.91
Std. Dev. 2.40 2.58 2.88 4.34 3.16 5.13
RMS 6.43 2.50 2.87 5.19 3.11 5.05
1-4
CIELAB (Golfer, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 2.83 -3.42 -8.30 -10.00 -6.54 -4.59
Maximum 13.87 4.49 9.61 7.51 6.14 13.62
Average 6.27 0.11 -1.75 3.04 -0.43 3.60
Std. Dev. 3.14 2.58 3.63 4.33 3.27 4.51
RMS 6.97 2.50 3.92 5.18 3.20 5.66
Hunt (Golfer, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 2.89 -6.13 -10.90 -16.44 -5.68 -7.40
Maximum 18.66 8.65 7.96 9.87 8.77 17.89
Average 7.28 -0.22 -3.39 0.50 0.26 3.54
Std. Dev. 4.61 3.95 4.54 5.38 3.78 5.86
RMS 8.54 3.83 5.55 5.23 3.67 6.69
Spectral Sharpening (Golfer, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 2.47 -3.52 -3.67 -9.90 -7.07 -4.65
Maximum 11.29 4.45 5.44 7.47 4.97 11.29
Average 5.69 0.08 -0.79 3.00 0.41 1.56
Std. Dev. 2.51 2.51 2.37 4.32 3.15 4.67
RMS 6.19 2.43 2.43 5.15 3.08 4.79
LLAB (Golfer, Exp. 3)
AEab* AL* Aa* Ab* AC* AH
Minimum 2.82 -3.57 -2.97 -10.64 -6.16 -4.71
Maximum 12.20 4.53 5.95 8.13 6.07 12.19
Average 5.87 0.15 -0.94 3.19 0.81 2.13
Std. Dev. 2.72 2.59 2.26 4.52 3.11 4.71
RMS 6.43 2.51 2.38 5.42 3.12 5.03
1-5
Nayatani (Golfer, Exp. 3)
AEab* AL* Aa* Ab* AC*
AH
Minimum 3.76 -5.44 -11.82 -22.30 -11.48 -9.15
Maximum 23.91 9.17 8.04 -0.81 11.46 21.98
Average 9.45 0.45 -3.38 -6.82 -0.43 1.41
Std. Dev. 5.19 3.94 4.20 5.21 6.83 7.59
RMS 10.71 3.84 5.29 8.48 6.63 7.48
C. FRUIT IMAGE, EXPERIMENT 4
Average Matrix (Fruit, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 0.95 -1.17 -4.23 -3.31 -4.09 -2.55
Maximum 4.93 4.88 0.86 2.66 2.57 1.92
Average 2.78 0.72 -1.22 -0.02 -0.67 0.82
Std. Dev. 1.28 1.48 1.37 1.91 2.18 1.06
RMS 3.04 1.61 1.80 1.85 2.22 1.32
Fruit Matrix (Fruit, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 0.63 -1.31 -3.71 -3.56 -4.22 -3.24
Maximum 4.45 4.09 1.58 0.96 0.93 1.46
Average 2.35 0.31 -0.77 -0.98 -1.19 0.02
Std. Dev. 1.43 1.32 1.51 1.46 1.80 1.15
RMS 2.73 1.32 1.66 1.72 2.11 1.12
Golfer Matrix (Fruit, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 1.83 -1.70 -5.46 -2.84 -3.62 -0.79
Maximum 9.00 5.27 -0.29 7.69 7.01 5.41
Average 4.80 1.36 -2.48 2.22 1.04 2.90
Std. Dev. 2.26 1.49 1.53 3.36 3.50 1.76
RMS 5.28 1.98 2.89 3.95 3.55 3.37
1-6
RLAB (Fruit, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 2.44 -1.78 -8.68 -5.38 -5.18 -0.82
Maximum 10.06 3.93 2.35 5.26 3.31 9.29
Average 6.26 1.07 -4.77 -0.91 -1.83 4.62
Std. Dev. 2.44 1.90 3.11 2.84 2.30 3.35
RMS 6.69 2.13 5.64 2.91 2.89 5.65
von Kries (Fruit, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 4.42 -1.99 -11.72 -6.31 -7.18 -2.60
Maximum 12.19 3.70 2.14 4.32 4.10 11.96
Average 8.22 0.85 -6.80 -2.01 -2.98 5.98
Std. Dev. 2.65 1.90 3.65 2.78 2.94 4.29
RMS 8.61 2.03 7.67 3.37 4.12 7.29
CIELAB (Fruit, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 2.71 -2.02 -9.74 -6.42 -6.19 -7.30
Maximum 11.60 4.01 -1.49 4.85 4.48 9.61
Average 5.91 0.92 -4.31 -1.89 -3.00 2.43
Std. Dev. 2.31 1.97 2.31 2.96 2.83 3.71
RMS 6.32 2.13 4.86 3.44 4.06 4.35
Hunt (Fruit, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 5.60 -2.36 -16.82 -12.04 -11.92 -6.90
Maximum 20.69 3.43 -4.35 0.10 7.38 20.69
Average 12.04 0.50 -10.29 -5.29 -3.78 7.74
Std. Dev. 3.93 1.93 3.31 3.51 5.49 7.52
RMS 12.63 1.94 10.78 6.29 6.53 10.64
1-7
Spectral Sharpening (Fruit, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 4.34 -9.19 -9.56 -20.17 -10.01 -24.86
Maximum 29.17 3.46 18.96 1.41 12.19 10.49
Average 10.13 -1.75 -1.53 -7.25 -3.70 -2.50
Std. Dev. 6.05 3.05 6.78 5.36 5.32 9.14
RMS 11.70 3.44 6.75 8.92 6.35 9.22
LLAB (Fruit, Exp .4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 2.73 -2.05 -8.11 -6.81 -7.23 -2.76
Maximum 10.76 3.66 -2.14 -0.55 1.01 10.08
Average 6.53 0.36 -5.10 -3.49 -4.09 3.11
Std. Dev. 2.02 1.56 1.89 1.62 2.22 3.73
RMS 6.82 1.55 5.42 3.83 4.62 4.77
Nayatani (Fruit, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 5.60 -1.73 -14.64 -24.07 -18.28 -26.30
Maximum 26.72 3.94 0.91 -3.30 16.19 23.51
Average 17.03 1.13 -9.58 -13.35 -6.54 0.78
Std. Dev. 5.29 1.89 4.02 5.30 10.75 13.02
RMS 17.79 2.15 10.35 14.31 12.31 12.65
1-8
D. GOLFER IMAGE, EXPERIMENT 4
Average Matrix (Golfer, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 0.64 -2.31 -2.20 -3.49 -4.44 -3.50
Maximum 4.59 2.84 3.68 1.21 1.12 2.37
Average 2.91 -0.05 1.38 -1.35 -1.02 -1.60
Std. Dev. 1.13 1.44 1.45 1.47 1.54 1.42
RMS 3.11 1.40 1.97 1.96 1.81 2.11
FruitMatrix (Golfer, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 0.42 -3.05 -2.71 -4.58 -4.76 -4.45
Maximum 5.85 2.49 3.19 0.60 1.12 2.23
Average 3.57 -0.68 1.64 -2.07 -1.12 -2.20
Std. Dev. 1.33 1.60 1.61 1.51 1.81 1.60
RMS 3.80 1.69 2.26 2.54 2.08 2.69
Golfer Matrix (Golfer, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 0.30 -1.40 -0.72 -2.65 -3.43 -1.77
Maximum 4.64 3.14 4.48 3.72 3.22 3.23
Average 2.05 0.42 0.74 -0.03 -0.03 -0.12
Std. Dev. 1.36 1.27 1.32 1.48 1.56 1.43
RMS 2.43 1.30 1.48 1.43 1.51 1.39
RLAB (Golfer, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 1.85 -4.45 -7.01 -5.19 -4.67 -3.10
Maximum 10.56 6.24 4.39 4.83 3.63 7.92
Average 4.72 -0.31 -0.63 -2.52 -1.31 1.20
Std. Dev. 2.09 2.84 2.74 2.31 2.64 3.10
RMS 5.14 2.77 2.72 3.36 2.87 3.24
1-9
von Kries (Golfer, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 3.40 -4.66 -8.78 -5.92 -5.77 -5.37
Maximum 11.35 6.02 3.17 3.93 4.95 8.17
Average 6.15 -0.53 -2.44 -3.69 -2.17 1.71
Std. Dev. 2.12 2.86 3.12 2.40 3.59 3.93
RMS 6.49 2.82 3.88 4.36 4.09 4.17
CIELAB (Golfer, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 3.19 -4.76 -9.66 -5.96 -5.87 -7.87
Maximum 12.42 6.36 1.48 4.52 5.76 9.21
Average 6.04 -0.49 -2.36 -3.62 -2.14 -1.10
Std. Dev. 2.70 2.95 3.29 2.56 3.80 4.09
RMS 6.59 2.90 3.97 4.38 4.25 4.11
Hunt (Golfer, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 5.25 -5.05 -11.56 -11.56 -10.04 -10.25
Maximum 14.15 5.74 -0.60 -0.62 5.61 13.84
Average 9.51 -0.89 -5.75 -6.48 -3.73 2.12
Std. Dev. 2.70 2.86 2.97 2.43 5.79 6.45
RMS 9.86 2.91 6.43 6.89 6.74 6.59
Spectral Sharpening (Golfer, Exp.4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 1.72 -9.18 -4.91 -24.92 -12.31 -31.08
Maximum 37.81 1.11 26.91 1.98 19.48 5.78
Average 9.44 -2.32 1.31 -7.18 -1.76 -5.48
Std. Dev. 8.49 2.61 7.54 6.40 6.75 8.58
RMS 12.52 3.43 7.41 9.48 6.77 9.95
MO
LLAB (Golfer, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 2.03 -3.85 -3.99 -7.88 -8.17 -5.78
Maximum 8.83 3.99 0.35 -1.51 2.14 5.36
Average 5.59 -0.80 -1.83 -4.40 -2.99 -0.69
Std. Dev. 1.74 2.34 1.57 1.86 3.21 3.13
RMS 5.84 2.40 2.39 4.75 4.32 3.11
Nayatani (Golfer, Exp. 4)
AEab* AL* Aa* Ab* AC*
AH
Minimum 6.47 -4.39 -12.44 -21.88 -18.51 -19.02
Maximum 22.60 6.24 -0.52 -4.71 10.40 21.93
Average 15.20 -0.25 -5.75 -13.52 -4.41 -1.31
Std. Dev. 4.68 2.84 3.03 4.56 10.48 11.31
RMS 15.86 2.76 6.45 14.23 11.07 11.03
Ml
APPENDIX J: ADOBE PHOTOSHOP TOOLS USED IN
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APPENDIX K: PROPORTION MATRICES FOR CHAPTER IV AND
V PAIRED COMPARISON EXPERIMENTS
Experiment A: D50 to D65 2
Experiment B: A to D65 3
Experiment 1: D50 to 9300K 4
Experiment 2: D65 to 9300K 5
Experiment 3: luminance level change 6
Experiment 4: D65 to 9300 with luminance change 7
Experiment 5: D50 to 9300K with luminance change 8
Experiment 6: D50 to D65 with luminance change 9
Experiment 7: Background gray to white 10
Experiment 8: Background gray to black 11
Experiment 9: Surround avg. to dark 12
Experiment 10: Surround dim to dark 13
K-l
EXPERIMENT A: D50 TO D65
Infographic
RU-.B LAB Hunt Naya. v.Kries
RUVB 8 7 10 1 5
LAB 9 8 8 3 6
Hunt 6 8 8 1 7
Naya. 1 5 13 15 8 14
v.Kries 1 1 10 9 2 8
Landscape
RLAB LAB Hunt Naya. v.Kries
R.LAB 8 7 5 4 8
LAB 9 8 5 8 8
Hunt 1 1 1 1 8 7 7
Naya. 12 8 9 8 9
v.Kries 8 8 9 7 8
Smokies
RLAB LAB Hunt Naya. v.Kries
RLAB 8 6 7 1 10
LAB 10 8 10 1 7
Hunt 9 6 8 4 8
Naya. 15 15 12 8 16
v.Kries 6 9 8 0 8
motorcycles
RLAB LAB Hunt Naya. v.Kries
RLAB 8 8 10 2 12
LAB 8 8 1 1 4 10
Hunt 6 5 8 3 6
Naya. 14 12 13 8 12
v.Kries 4 6 10 4 8
uchart
RLAB LAB Hunt Naya. v.Kries
RLAB 8 9 10 0 6
LAB 7 8 15 1 12
Hunt 6 1 8 1 5
Naya. 16 15 15 8 16
v.Kries 10 4 1 1 0 8
K-2
EXPERIMENT B: A TO D65
Infographic
RLAB LAB Hunt Naya. v.Kries
RLAB 8 6 7 2 7
LAB 10 8 5 2 6
Hunt 9 1 1 8 1 8
Naya. 14 14 15 8 13
v.Kries 9 10 8 2 8
Landscape
RLAB LAB Hunt Naya. v.Kries
RLAB 8 5 6 2 0
LAB 1 1 8 7 2 6
Hunt 10 9 8 0 7
Naya. 14 13 16 8 12
v.Kries 16 10 9 4 8
Smokies
RLAB LAB Hunt Naya. v.Kries
RI.AB 8 7 6 0 5
LAB 9 8 5 1 10
Hunt 10 1 1 8 5 10
Naya. 16 15 1 1 8 16
v.Kries 1 1 6 6 0 8
motorcycles
RLAB LAB Hunt Naya. v.Kries
RLAB 8 4 9 0 4
LAB 12 8 10 1 10
Hunt 7 6 8 2 7
Naya. 16 15 14 8 16
v.Kries 12 6 9 0 8
uchart
RLAB LAB Hunt Naya. v.Kries
RLAB 8 10 1 1 1 3
LAB 6 8 14 2 1 1
Hunt 5 2 8 0 5
Naya. 1 5 14 16 8 15
v.Kries 13 5 1 1 1 8
K-3
EXPERIMENT 1: D50 TO 9300K
Barn
RLAB LAB Hunt Naya. v.Kries
RLAB 0 4 5 2 12
LAB 18 0 14 2 16
Hunt 17 8 0 3 17
Naya. 20 20 19 0 19
v.Kries 10 5 5 3 0
Butterfly
RLAB LAB Hunt Naya. v.Kries
RLAB 0 3 2 0 15
LAB 19 0 1 1 0 15
Hunt 19 1 1 0 3 19
Naya. 22 22 1 9 0 19
v.Kries 7 7 3 3 0
Fruit
RLAB LAB Hunt Naya. v.Kries
RLAB 0 1 4 1 12
LAB 21 0 22 2 21
Hunt 18 0 0 1 14
Naya. 21 20 21 0 21
v.Kries 10 1 8 1 0
Golfer
RLAB LAB Hunt Naya. v.Kries
RLAB 0 3 5 1 14
LAB 19 0 8 1 19
Hunt 17 14 0 9 17
Naya. 21 21 13 0 22
v.Kries 8 3 5 0 0
Sofa
RLAB LAB Hunt Naya. v.Kries
RLAB 0 8 2 3 10
LAB 14 0 4 4 14
Hunt 20 18 0 9 17
Naya. 19 18 13 0 16
v.Kries 12 8 5 6 0
K-4
EXPERIMENT 2: D65 TO 9300K
Barn
RLAB LAB Hunt Naya. v.Kries
RLAB 0 4 7 7 10
LAB 20 0 19 19 17
Hunt 17 5 0 8 10
Naya. 17 5 16 0 12
v.Kries 14 7 14 12 0
Butterfly
RLAB LAB Hunt Naya. v.Kries
RLAB 0 3 1 1 8 10
LAB 21 0 21 19 14
Hunt 13 3 0 7 1 1
Naya. 16 5 17 0 12
v.Kries 14 10 13 12 0
Fruit
RLAB LAB Hunt Naya. v.Kries
RLAB 0 1 8 9 8
LAB 23 0 23 23 21
Hunt 1 6 1 0 7 13
Naya. 15 1 17 0 12
v.Kries 16 3 1 1 12 0
Golfer
RLAB LAB Hunt Naya. v.Kries
RI.AB 0 5 12 10 8
LAB 19 0 18 18 14
Hunt 12 5 0 7 9
Naya. 14 6 17 0 13
v.Kries 16 10 15 1 1 0
Sofa
RLAB LAB Hunt Naya. v.Kries
RLAB 0 10 13 12 5
LAB 14 0 16 16 1 1
Hunt 1 1 8 0 10 8
Naya. 12 8 14 0 7
v.Kries 18 13 16 17 0
K-5
EXPERIMENT 3: LUMINANCE LEVEL CHANGE
Barn
RLAB LAB Hunt Naya. v.Kries
RLAB 0 1 1 9 12 14
LAB 12 0 9 12 1 1
Hunt 15 15 0 1 1 1 1
Naya. 1 1 1 1 1 3 0 1 1
v.Kries 10 13 1 3 13 0
Butterfly
RLAB LAB Hunt Naya. v.Kries
RLAB 0 12 14 9 1 1
LAB 12 0 1 3 8 12
Hunt 10 1 1 0 5 7
Naya. 1 5 16 19 0 13
v.Kries 1 3 12 17 1 1 0
Fruit
RLAB LAB Hunt Naya. v.Kries
RLAB 0 10 15 9 1 1
LAB 14 0 13 10 9
Hunt 9 1 1 0 1 1 12
Naya. 15 14 13 0 12
v.Kries 12 15 12 12 0
Golfer
RLAB LAB Hunt Naya. v.Kries
RLAB 0 10 13 8 10
LAB 13 0 12 10 9
Hunt 10 12 0 9 1 1
Naya. 15 14 15 0 14
v.Kries 14 15 13 10 0
Sofa
RLAB LAB Hunt Naya. v.Kries
RLAB 0 12 15 9 13
LAB 12 0 1 1 1 1 12
Hunt 9 13 0 9 12
Naya. 15 13 15 0 14
v.Kries 1 1 12 1 1 9 0
K-6
EXPERIMENT 4: D65 TO 9300 WITH LUMINANCE CHANGE
Barn
RLAB LAB Hunt Naya. v.Kries
RLAB 0 1 7 2 4
LAB 13 0 12 1 1 10
Hunt 7 2 0 5 5
Naya. 12 3 9 0 7
v.Kries 10 4 9 7 0
Butterfly
RLAB LAB Hunt Naya. v.Kries
RLAB 0 2 7 9 7
LAB 12 0 10 12 9
Hunt 7 4 0 7 6
Naya. 5 2 7 0 8
v.Kries 7 5 8 6 0
Fruit
RLAB LAB Hunt Naya. v.Kries
RLAB 0 1 3 6 8
LAB 12 0 13 1 1 12
Hunt 10 0 0 7 7
Naya. 7 2 6 0 7
v.Kries 5 1 6 6 0
Golfer
RLAB LAB Hunt Naya. v.Kries
RLAB 0 0 7 7 9
LAB 14 0 13 12 13
Hunt 7 1 0 8 10
Naya. 7 2 6 0 7
v.Kries 5 1 4 7 0
Sofa
RLAB LAB Hunt Naya. v.Kries
RLAB 0 3 6 7 4
LAB 10 0 9 8 8
Hunt 7 4 0 3 6
Naya. 6 5 10 0 8
v.Kries 9 5 7 5 0
K-7
EXPERIMENT 5: D50 TO 9300K WITH LUMINANCE CHANGE
Barn
RLAB LAB Hunt Naya. v.Kries
RLAB 0 3 5 2 9
LAB 21 0 23 2 23
Hunt 19 1 0 2 19
Naya. 22 22 22 0 20
v.Kries 15 1 5 4 0
Butterfly
RLAB LAB Hunt Naya. v.Kries
RLAB 0 5 4 7 14
LAB 19 0 16 6 17
Hunt 20 8 0 5 17
Naya. 17 18 19 0 17
v.Kries 10 7 7 7 0
Fruit
RLAB LAB Hunt Naya. v.Kries
RLAB 0 0 8 1 15
LAB 24 0 24 7 23
Hunt 16 0 0 0 21
Naya. 23 17 24 0 23
v.Kries 9 1 3 1 0
Golfer
RLAB LAB Hunt Naya. v.Kries
RLAB 0 4 5 5 1 1
LAB 20 0 9 5 17
Hunt 19 15 0 6 20
Naya. 19 19 18 0 19
v.Kries 13 7 4 5 0
Sofa
RLAB LAB Hunt Naya. v.Kries
RLAB 0 9 10 6 1 1
LAB 15 0 6 3 17
Hunt 14 18 0 2 13
Naya. 18 21 22 0 18
v.Kries 13 7 1 1 6 0
K-8
EXPERIMENT 6: D50 TO D65 WITH LUMINANCE CHANGE
Barn
RLAB LAB Hunt Naya. v.Kries
RLAB 0 1 1 1 1 5 9
LAB 13 0 12 3 7
Hunt 13 12 0 5 10
Naya. 1 9 21 19 0 21
v.Kries 15 17 14 3 0
Butterfly
RLAB LAB Hunt Naya. v.Kries
RLAB 0 10 5 7 1 1
LAB 14 0 9 5 12
Hunt 19 15 0 4 1 1
Naya. 17 19 20 0 18
v.Kries 13 12 13 6 0
F"ruit
RLAB LAB Hunt Naya. v.Kries
RLAB 0 10 12 4 10
LAB 14 0 14 6 15
Hunt 12 10 0 6 8
Naya. 20 18 18 0 16
v.Kries 14 9 16 7 0
Golfer
RLAB LAB Hunt Naya. v.Kries
RLAB 0 9 10 6 13
LAB 15 0 10 5 10
Hunt 14 14 0 7 10
Naya. 18 19 17 0 17
v.Kries 1 1 14 14 7 0
Sofa
RLAB LAB Hunt Naya. v.Kries
RLAB 0 16 17 7 13
LAB 8 0 14 7 5
Hunt 7 10 0 6 8
Naya. 17 17 18 0 17
v.Kries 1 1 19 16 7 0
K-9
EXPERIMENT 7: BACKGROUND GRAY TOWHITE
Barn
RLAB LAB Hunt Naya. v.Kries
RLAB 0 3 7 7 4
LAB 17 0 18 16 17
Hunt 1 3 2 0 14 10
Naya. 13 4 6 0 7
v.Kries 16 3 10 13 0
Butterfly
RLAB LAB Hunt Naya. v.Kries
RLAB 0 4 8 8 4
LAB 1 6 0 18 1 7 15
Hunt 12 2 0 10 4
Naya. 12 3 10 0 4
v.Kries 16 4 16 16 0
F ruit
RLAB LAB Hunt Naya. v.Kries
RLAB 0 0 6 7 0
LAB 20 0 20 20 20
Hunt 14 0 0 1 1 6
Naya. 13 0 9 0 6
v.Kries 20 0 14 14 0
Golfer
RLAB LAB Hunt Naya. v.Kries
RLAB 0 1 1 1 1 1 7
LAB 19 0 20 20 20
Hunt 9 0 0 15 8
Naya. 9 0 5 0 8
v.Kries 13 0 12 12 0
Sofa
RLAB LAB Hunt Naya. v.Kries
RLAB 0 2 2 6 5
LAB 18 0 20 20 18
Hunt 18 0 0 10 5
Naya. 14 0 10 0 7
v.Kries 15 2 15 13 0
K-10
EXPERIMENT 8: BACKGROUND GRAY TO BLACK
Barn
RLAB LAB Hunt Naya. v.Kries
RLAB 0 2 9 10 10
LAB 18 0 17 20 18
Hunt 1 1 3 0 7 12
Naya. 10 0 13 0 8
v.Kries 10 2 8 12 0
Butterfly
RLAB LAB Hunt Naya. v.Kries
RLAB 0 1 14 1 1 1 1
LAB 19 0 19 19 19
Hunt 6 1 0 7 1 1
Naya. 9 1 13 0 7
v.Kries 9 1 9 13 0
Fruit
RLAB LAB Hunt Naya. v.Kries
RLAB 0 0 6 9 9
LAB 20 0 19 20 19
Hunt 14 1 0 8 10
Naya. 1 1 0 12 0 6
v.Kries 1 1 1 10 14 0
Golfer
RLAB LAB Hunt Naya. v.Kries
RLAB 0 0 1 1 12 9
LAB 20 0 20 20 20
Hunt 9 0 0 13 7
Naya. 8 0 7 0 7
v.Kries 1 1 0 13 13 0
Sofa
RLAB LAB Hunt Naya. v.Kries
RLAB 0 1 7 9 9
LAB 19 0 18 20 19
Hunt 13 2 0 15 9
Naya. 1 1 0 5 0 9
v.Kries 1 1 1 1 1 1 1 0
K-ll
EXPERIMENT 9: SURROUND AVG. TO DARK
Barn
RLAB LAB Hunt Naya. v.Kries
RLAB 0 23 22 22 23
LAB 1 0 16 15 14
Hunt 2 8 0 14 13
Naya. 2 9 10 0 13
v.Kries 1 10 10 1 1 0
Butterfly
RLAB LAB Hunt Naya. v.Kries
RLAB 0 22 19 18 18
LAB 2 0 12 1 1 9
Hunt 5 1 1 0 9 6
Naya. 6 13 15 0 6
v.Kries 6 15 18 18 0
Fruit
RLAB LAB Hunt Naya. v.Kries
RLAB 0 21 17 17 16
LAB 3 0 10 10 10
Hunt 7 14 0 8 9
Naya. 7 14 16 0 9
v.Kries 8 14 15 15 0
Golfer
RLAB LAB Hunt Naya. v.Kries
RLAB 0 22 21 21 22
LAB 2 0 15 17 18
Hunt 3 9 0 1 1 9
Naya. 3 7 13 0 8
v.Kries 2 6 15 16 0
Sofa
RLAB LAB Hunt Naya. v.Kries
RLAB 0 24 23 23 23
LAB 0 0 18 17 19
Hunt 1 6 0 9 9
Naya. 1 7 15 0 8
v.Kries 1 5 15 16 0
K-12
EXPERIMENT 10: SURROUND DIM TO DARK
Barn
RLAB LAB Hunt Naya. v.Kries
RLAB 0 10 16 17 17
LAB 14 0 17 17 15
Hunt 8 7 0 15 13
Naya. 7 7 9 0 10
v.Kries 7 9 1 1 14 0
Bu tterfly
RLAB LAB Hunt Naya. v.Kries
RLAB 0 13 18 13 14
LAB 1 1 0 17 15 16
Hunt 5 7 0 15 4
Naya. 1 1 9 9 0 1 1
v.Kries 10 8 20 13 0
Fruit
RLAB LAB Hunt Naya. v.Kries
RLAB 0 1 1 14 16 13
LAB 13 0 17 16 17
Hunt 9 7 0 13 14
Naya. 8 8 1 1 0 9
v.Kries 1 1 7 10 15 0
Golfer
RLAB LAB Hunt Naya. v.Kries
RLAB 0 12 15 13 15
LAB 12 0 16 16 15
Hunt 9 8 0 16 16
Naya. 1 1 8 8 0 9
v.Kries 9 9 8 15 0
Sofa
RLAB LAB Hunt Naya. v.Kries
RLAB 0 9 18 18 21
LAB 15 0 20 20 19
Hunt 5 4 0 14 1 1
Naya. 6 4 10 0 8
v.Kries 3 5 13 16 0
K-13
APPENDIX L: CHAPTERVI DATA, EXPERIMENT 1
X
Original Print Adjusted Images
FRUIT SCENE Y Z X Y Z
border 94.684 99.777 108.859 86.702 89.373 100.699
red pepper 23.531 14.259 3.957 22.801 13.721 3.114
lemons 48.768 52.272 8.153 48.329 50.668 8.222
red apple 18.776 12.938 4.424 18.978 12.998 4.367
garlic 61.026 63.777 50.415 60.391 62.155 50.435
orange 43.863 41.634 6.481 43.147 40.346 6.358
eggplant 0.877 0.673 0.759 1.101 0.987 1.085
napkin 2.330 1.723 10.301 2.584 2.114 10.771
cork screw 11.263 11.363 14.556 11.567 11.759 14.728
background (top) 0.866 0.499 0.070 0.804 0.525 0.172
cutting board 31.816 30.778 16.132 32.062 30.683 16.154
background (bottom) 27.037 26.902 16.047 27.408 26.903 15.652
green apple 20.044 25.116 4.986 21.066 25.808 5.463
lettuce/green pepper 10.682 14.621 3.965 10.991 14.766 4.272
basket 7.551 6.393 2.239 7.589 6.422 2.441
bananas 53.409 59.140 13.570 52.935 57.431 13.601
pumpkin 42.887 38.311 6.535 42.055 36.684 6.369
GOLFER SCENE X Y Z X Y Z
border 94.684 99.777 108.859 86.533 89.286 101.332
sky 37.672 39.526 73.688 36.077 37.957 70.912
man's skin 21.411 18.915 6.005 20.304 18.441 5.868
pants 21.619 25.901 40.010 20.144 24.063 37.835
woman's skin 22.575 19.637 5.967 21.083 18.816 5.604
white accessories 44.584 47.109 40.578 43.329 45.835 40.786
flag 37.962 40.312 6.035 37.148 39.429 5.933
woman's shirt 21.747 21.262 39.691 19.933 20.173 35.230
sweater 24.884 14.222 3.336 22.432 13.058 2.452
belt/shoes 3.632 2.894 1.516 3.232 2.971 1.869
man's shirt 36.363 39.847 12.625 36.170 39.648 12.415
grass 23.766 28.502 8.111 23.548 28.424 7.988
trees 2.765 3.457 0.988 2.493 3.297 1.096
shorts 37.451 38.869 30.521 35.877 37.618 29.677
hair 3.014 2.458 1.285 2.757 2.659 1.506
clouds 60.755 62.706 78.737 60.805 62.737 78.183
VIEWING X Y Z X Y Z
CONDITIONS
White Point 95.096 100.0 109.122 95.096 100.0 109.122
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EXPERIMENT 2
(Driginal Prinl Adjusted Images
FRUIT SCENE X Y Z X Y Z
border 52.452 51.430 61.249 77.388 80.002 86.905
red pepper 14.049 9.070 4.449 17.881 11.788 5.983
lemons 28.711 28.003 10.540 40.405 41.544 14.332
red apple 12.952 9.986 6.335 15.947 12.474 7.286
garlic 35.463 34.182 32.778 49.863 50.824 43.547
orange 27.535 23.632 8.771 36.431 33.512 11.728
eggplant 2.918 3.004 3.432 3.474 3.844 3.642
napkin 2.516 2.611 7.208 3.736 3.941 10.619
cork screw 10.850 10.509 13.921 11.950 12.412 15.710
background (top) 1.795 1.780 1.574 2.481 2.553 2.028
cutting board 19.339 17.356 13.203 27.236 26.245 18.565
background (bottom) 15.332 14.225 12.187 22.421 22.286 17.666
green apple 12.108 14.105 7.507 17.670 21.440 9.576
lettuce/green pepper 7.511 9.348 6.331 10.879 14.149 7.824
basket 6.531 5.935 4.564 8.589 8.259 5.717
bananas 30.372 30.737 13.603 43.499 46.258 19.552
pumpkin 26.225 20.970 8.152 35.150 30.347 11.485
GOLFER SCENE X Y Z X Y Z
border 55.848 54.419 65.339 84.852 87.483 97.741
sky 16.745 17.016 34.739 29.200 31.629 56.969
man's skin 13.129 10.835 7.039 18.704 16.662 9.362
pants 11.366 12.779 22.284 18.729 22.832 36.389
woman's skin 13.360 10.943 6.885 19.778 17.627 9.522
white accessories 25.083 24.161 26.446 40.618 41.887 40.657
flag 17.987 17.135 6.389 30.076 31.106 9.301
woman's shirt 11.939 11.305 21.366 18.021 18.443 32.608
sweater 13.681 8.289 3.751 17.860 10.593 4.326
belt/shoes 4.581 4.173 4.042 5.657 5.654 4.955
man's shirt 19.235 18.884 11.856 31.115 32.843 17.385
grass 12.450 13.869 8.837 21.246 25.168 13.603
trees 3.169 3.534 3.435 4.427 5.380 4.381
shorts 20.744 19.715 20.006 32.584 33.296 30.613
hair 3.401 3.070 3.189 4.267 4.235 4.032
clouds 31.059 29.569 42.827 52.609 53.234 68.164
VIEWING X Y Z X Y Z
CONDITIONS
White Point 102.32 100.00 119.59 95.096 100.0 109.122
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EXPERIMENT 3
iOriginal Prinl Adjusted Images
FRUIT SCENE X Y Z X Y Z
border 52.969 51.537 79.016 75.118 76.569 82.552
red pepper 13.253 8.599 5.678 18.817 12.549 6.933
lemons 27.385 27.454 13.398 42.775 44.081 15.537
red apple 12.364 9.644 8.096 16.831 13.178 8.210
garlic 35.159 33.983 42.163 51.759 52.431 45.669
orange 26.088 22.923 11.159 38.496 35.331 12.621
eggplant 2.922 3.002 4.389 3.567 3.950 4.111
napkin 2.817 2.722 9.284 3.913 4.101 11.521
cork screw 10.982 10.523 17.893 12.289 12.635 16.703
background (top) 1.754 1.760 2.005 2.581 2.684 2.413
cutting board 18.785 17.049 16.917 28.296 27.216 19.780
background (bottom) 15.008 14.038 15.622 23.233 23.033 18.935
green apple 11.793 14.051 9.555 18.179 22.253 10.613
lettuce/green pepper 7.436 9.384 8.073 11.106 14.569 8.580
basket 6.327 5.824 5.829 8.938 8.645 6.400
bananas 29.170 30.275 17.334 45.104 47.851 20.324
pumpkin 24.800 20.228 10.384 36.999 32.036 12.264
GOLFER SCENE X Y Z X Y Z
border 56.408 54.523 84.310 84.606 87.336 95.350
sky 17.924 17.438 44.859 27.757 29.669 56.880
man's skin 12.586 10.529 8.997 17.386 15.211 10.425
pants 12.099 13.097 28.728 15.655 20.371 24.992
woman's skin 12.788 10.623 8.798 18.298 16.039 10.587
white accessories 25.062 24.084 34.021 38.756 39.719 41.757
flag 17.104 16.750 8.110 27.742 28.866 10.246
woman's shirt 12.501 11.462 27.537 17.130 17.047 34.015
sweater 12.877 7.811 4.785 16.395 9.505 5.190
belt/shoes 4.489 4.112 5.168 4.920 4.668 5.443
man's shirt 18.641 18.626 15.158 29.273 30.769 18.981
grass 12.179 13.807 11.281 18.676 22.120 15.052
trees 3.163 3.539 4.387 3.955 4.612 5.096
shorts 20.578 19.584 25.706 31.138 31.489 32.367
hair 3.341 3.026 4.076 3.716 3.443 4.567
clouds 31.740 29.719 55.243 50.949 51.276 67.839
VIEWING X Y Z X Y Z
CONDITIONS
White Point 103.12 100.00 153.98 95.1 100.0 109.12
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EXPERIMENT 4
iOriginal Print iOriginal Prinl
FRUIT SCENE X Y Z X Y Z
border 58.044 50.847 30.200 70.558 71.721 73.764
red pepper 17.833 10.731 2.243 18.962 12.031 5.192
lemons 35.272 29.754 5.192 39.755 39.169 11.918
red apple 15.963 11.077 3.166 16.897 12.565 6.390
garlic 40.647 34.600 16.190 48.657 48.041 38.907
orange 34.369 26.021 4.344 36.281 31.891 9.494
eggplant 3.233 2.882 1.706 3.456 3.508 2.965
napkin 2.142 2.098 3.580 2.982 3.010 8.081
cork screw 11.871 10.213 6.910 11.765 11.635 13.711
background (top) 2.078 1.768 0.784 2.558 2.363 1.533
cutting board 23.025 18.216 6.550 27.272 24.954 15.928
background (bottom) 17.956 14.639 6.045 22.002 20.772 15.246
green apple 14.201 13.966 3.685 18.279 20.976 8.459
lettuce/green pepper 8.509 8.906 3.107 11.037 13.494 6.977
basket 7.767 6.170 2.271 8.887 7.914 4.697
bananas 36.830 32.123 6.693 42.597 43.579 16.154
pumpkin 32.921 23.514 4.051 35.165 28.901 9.223
GOLFER SCENE X Y Z X Y Z
border 57.673 50.204 30.348 72.958 73.855 75.488
sky 16.205 15.214 17.172 24.716 25.543 46.049
man's skin 16.022 11.757 3.507 16.839 14.443 7.192
pants 11.095 11.281 10.987 15.433 18.300 28.452
woman's skin 16.353 11.922 3.431 17.766 15.187 7.202
white accessories 28.276 24.129 13.083 34.778 34.920 31.424
flag 22.190 18.296 3.154 26.889 26.686 7.213
woman's shirt 12.161 10.527 10.612 15.278 15.002 25.400
sweater 17.495 10.018 1.899 16.698 9.824 3.587
belt/shoes 5.324 4.253 2.015 5.031 4.766 3.607
man's shirt 22.927 19.517 5.856 27.480 28.035 13.590
grass 14.506 13.763 4.349 18.978 21.798 10.912
trees 3.527 3.358 1.700 4.047 4.714 3.335
shorts 23.703 19.892 9.908 28.124 27.905 23.673
hair 3.930 3.114 1.593 3.835 3.592 2.959
clouds 33.496 28.777 21.189 45.655 45.061 54.117
VIEWING X Y Z X Y Z
CONDITIONS
White Point 113.8 100.0 59.52 95.1 100.0 109.12
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APPENDIXM. IMAGING CHAIN
In all experiments described in this thesis, the same imaging chain was
employed (although different printers and CRTs were used for different
experiments.) This imaging chain is shown in Fig. M-l. First a digital image
was manipulated using Adobe
PhotoShop
to compress the gamut of colors
to be printed, add a white border around images, and adjust images to the
appropriate size. Images were then printed on a continuous-tone printer. The
printed images served as originals to which reproductions were compared.
The prints were scanned using a Howtek drum scanner to determine digital
counts of every pixel in prints. These digital counts were converted to a
device-independent color space, CIE tristimuls values (XYZ) using a scanner
characterization routine. These tristimulus values were transformed using
the color appearance models to yield an
"image"
that was independent of
viewing conditions. All models but von Kries convert tristimulus values
into appearance attributes equivalent to lightness, chroma, and hue.
Tristimulus values were calculated using these appearance attributes and
information about the second viewing condition, in this case, the CRT. These
tristimulus values were converted to digital counts using a CRT
characterization routine. These were the digital counts required to produce
the desired tristimulus values on the CRT. The CRT images were the
M-l
reproductions which were compared to the original print to test the quality of
the various color appearance models.
The images were printed using either the Kodak XLT7720 Thermal
Continuous Tone Printer (Chapter IV) or the Fujix Pictrography 3000
(Chapters V and VI). Images were scanned on a Howtek D4000 Drum Scanner.
Reproductions were displayed on either a Sony GDM-1950 CRT driven by a
Pixar image computer (Chapters IV, V, and VI) or a Apple Multiple Scan 20
CRT Display driven by a Power Macintosh 8100/110 (Chapter VI, adjustment
technique)
Characterization error was associated with the various steps in the
imaging process, causing estimated tristimulus values to differ from the





















Fig.M-l. Imaging chain used to predict tristimulus values of CRT reproduction
from original printed image.
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O. COLORIMETRIC DIFFERENCES BETWEEN MODEL
REPRODUCTIONS COMPARED TO PERCEPTUAL
DIFFERENCES
Figure 0-3 (found on p. 0-3) compares the colorimetric color difference
between images predicted the color appearance models and the perceptual
difference determined using the paired comparison experiments described in
Chapter V. The y-coordinate shows the average colorimetric difference
between every pair of reproductions created with the color appearance models
for the various viewing conditions. The x-coordinate shows the interval scale
difference as determined from the various paired comparison experiments.
Also shown are the average 95% confidence limit for the perceptual data and
the delta E limit below which differences between images are not perceptible
(as discussed in Chapter VII.) These lines break the plot into four quadrants:
Upper-right: In this quadrant, observers found the given pairs to be
statistically different at a 95% confidence limit and the colorimetric difference
between the images was large enough that the images were distinguishable.
58% of the pairs fell within this region.
Lower-left: In this quadrant no statistical difference was found by the
psychophysical experiment and the colorimetric image difference was below
the perceptibility
threshold. 23% of the pairs were in this region.
O-l
Lower-right: Here, the model reproductions were not statistically
different in the paired-comparison experiment but had a large colorimetric
difference. The images in these pairs were probably considered to be
equal as
dissimilar from the original image. Only 7% of the pairs fell in this quadrant.
Upper-left: This quadrant is the most problematic. In this region,
observers found the pairs to be significantly different but the colorimetric
difference was low enough that the images should have been
indistinguishable. Five of the twelve pairs that fell within this region were
from the experiment in which the images were surrounded by a white
background. Because the white border of the image was calculated using the
models as part of the image, any small differences between the border and the
background was very noticeable (similar to crispening..) Because of the large
number of pairs under consideration (100 pairs), the remaining seven pairs in
this region are probably statistical anomalies. After all, the lower boundary is
a 95% confidence interval, not a 100% confidence interval.
0-2
Legend:
? Exp. 1 (D50 -> 9300)
Exp. 2 (D65 -> 9300)
Exp. 3 (Luminance)
X Exp. 4 (L, D65 -> 9300)
X Exp. 5 (L, D50 -> 9300)
Exp. 6 (L, D50 -> D65)
+ Exp. 7 (bkgd: G -> W)
- Exp. 8 (bkgd: G -> B)
Exp. 9 (srnd: av -> dk)



































Fig. O-l. Average colorimetric differences, AEab*, between model reproductions
compared to perceptual differences. More explanation is given in the first
paragraph of this Appendix.
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